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ABSTRACT 
Phosphate (P) is an essential nutrient for both muscular and skeletal growth.  Because 
the sources of dietary P in contemporary swine diets are poorly available for the simple 
stomach animals, inorganic phosphate sources are supplemented to these diets to prevent P 
deficiency.  However, with the identification of P as one of the main polluting nutrients in 
fresh water system and soil, environmental concern and costs associated with P 
supplementation have led researchers to minimize the amount of P added to swine diets.  
Despite the vast amount of work conducted in this area, little research has examined the 
genetic mechanisms underlying the control of P utilization.  Lack of understanding of the 
molecular response of skeletal muscle to dietary P and the influence of genetics has hindered 
our understanding of P homeostatic mechanisms.  The objectives of my PhD research are to 
identify changes in gene expression in growing porcine muscle because of dietary P and 
genetic background and the interaction between dietary P and genetic background to examine 
the effects of decreasing dietary P intake and genetic background on the carcass 
characteristics and meat quality, and examine the impact of P deficiency hormonal profiles 
on the proliferation and differentiation of satellite cells isolated from young pigs.  Elucidating 
the molecular and genetic mechanisms underlying P utilization by muscle tissue could lead to 
strategies to increase the efficiency of growth in domestic animals while doing so in a more 
environmentally friendly manner. 
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CHAPTER 1. REVIEW OF LITERATURE   
 
Dissertation organization 
 
The following dissertation is divided into five chapters, which includes a general 
literature review, three individual papers and a chapter of general conclusions.  Chapter 1 
includes a review of literature pertaining to the essentiality of dietary phosphorus, 
background introduction related to my project, such as swine production, pork quality, and 
satellite cell biology.  Chapter 2 presents the “Effect of dietary phosphorus and genetic 
background on global gene expression in porcine muscle”.  This chapter describes a study 
examining the impact of dietary phosphorus on gene expression in muscle tissue of young 
pigs as determined by microarray analysis and real-time PCR.  This chapter has been 
accepted for publication in Journal of Animal Breeding and Genetics.  Chapter 3 presents the 
“Effects of dietary phosphorus and genetic background on carcass characteristics, meat 
quality and gene expression in porcine muscle”.  In this work, the impact of two different 
genetic backgrounds and a chronic P deficiency on the growth performance of growing pigs, 
carcass traits, meat quality and gene expression of porcine muscle tissue was examined.  
Chapter 4 “Effects of vitamin D on expression of myogenic regulatory factors in satellite 
cells isolated from young pigs” presents the effect of vitamin D treatment on porcine satellite 
cells in vitro.  In this chapter, satellite stem cells isolated from young porcine muscle tissue 
were treated with vitamin D.  The effects of vitamin D on the proliferation and differentiation 
of satellite cells were investigated.  Chapter 5 contains the general conclusions that can be 
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drawn from this research in relation to previous work in this field.  Portions of this 
dissertation have, and others will be submitted for publication.  Chapter 2 is formatted 
accordingly for the Journal of Animal Breeding and Genetics.  Each chapter consists of an 
abstract, introduction, materials and methods, results and discussion section.  References 
cited within each individual chapter follow the discussion section. 
 
Dietary phosphorus and genetic background 
 
Phosphorus (P) is the second most abundant mineral (after calcium) present in 
vertebrates and is required by every cell in the body for normal functions.  A large majority 
of dietary P, along with calcium, is utilized for the growth and development of bones and 
teeth.  In addition to its major role as a structural component of teeth and bone, P also has a 
number of other important biological functions.  It assists in the contraction of muscles, in 
the functioning of kidneys, in maintaining the regularity of the heartbeat, and in nerve 
conduction (Berndt et al., 2005; Lai et al., 1992; Lanza et al., 2005).   
Phosphorus is also important for the formation of the energy currency of the cell 
(ATP) and utilization of carbohydrates and fats, for the synthesis of protein, and for the 
growth, maintenance, and repair of cells and tissues (Takeda et al., 2004). 
Because P is present in all cells, P is found widely in foods of plant, animal and 
microbial origin.  The major food sources of P are milk, meats, poultry, fish, cereals and 
legumes (Buzinaro et al., 2006; Davies et al., 2004).  The dietary P found in the typical 
feedstuffs utilized for swine productions is of low biological value, because a majority (60-
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80% of total P) is present in the form of phytic acid or phytate (Leytem et al., 2004; Maga, 
1982; Oberleas, 1973; Wienhold and Miller, 2004).  Simple stomach animals, such as swine, 
poorly utilize phytate, because they produce little to no intestinal phytase, which is required 
for phytate hydrolysis (Lei and Stahl, 2001; Nelson et al., 1971; Oberleas, 1973; Pallauf and 
Rimbach, 1997).  Therefore, inorganic P sources are supplemented to swine diets to prevent 
P deficiency.  The addition of inorganic P causes 2 major concerns: economic and 
environmental.  Inorganic phosphate sources are non-renewable and are the third most costly 
ingredient in swine diets after energy and protein.  Public concerns over the environmental 
impact of P excretion from animal agriculture have led to legislation that limits the amount of 
P that can be applied per unit of land (USDA–USEPA, 1999).  This has imposed another 
economic issue for animal producers who have excess P in the excreta from their animals 
(O'Quinn et al., 1997; Stahl et al., 2000).  The U.S. swine industry faces a challenge to meet 
those new environmental rules, while maintaining profitability as well as animal health and 
productivity (Knowlton et al., 2004).  In order to reduce P excretion by pigs, it is critical to 
more accurately determine the P requirement of pigs in order to decrease the amount of P 
fed, and subsequently the amount of P excreted (Maguire et al., 2005).  A great deal of 
researches has been devoted to this, and recently Hastad et al. (2004) examined available P 
requirements of pigs reared in commercial facilities.  In this study, they found that P 
requirement of the pigs were similar on a percentage basis; however lower on a grams per 
day basis, when compared with the current requirements recommended by the National 
Research Council (NRC).  In addition, Mahan (1982) did two experiments to determine the 
dietary calcium and P requirements for weaning pigs and calculated available P requirement 
is approximately 0.35%.  Combs and his colleagues investigated the effects of diets 
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containing various levels of calcium and P on the pig growth performance and bone 
characteristics (Combs et al., 1991a; Combs et al., 1991b).  In order to more accurately 
determine the P requirement of pigs, some researchers have examined factors that can affect 
dietary P digestibility (Fan et al., 2001; Kemme et al., 1997; Schroder et al., 1996).  While it 
is difficult to separate determining the dietary P requirements of pigs from the bioavailability 
of the P sources in the diets used to determine these requirements, the use of both 
conventional and biotechnology in animal agriculture has created a paradigm where the 
bioavailability of P from feeds can be dramatically altered.  Supplementing swine diets with 
the phytase or carbohydrase enzymes has been shown to improve phytate P bioavailability 
and reduce P content in manure (Jendza et al., 2005; Lei et al., 1993; Stahl et al., 2004; Veum 
et al., 2006).  Also, mechanical treatment of feedstuffs to decrease particle size or to disrupt 
cell wall components increases dietary P digestibility, thereby helping to reduce P excretion 
in swine manure (van Kempen, 2000; van Kempen et al., 2006).  Heat processing procedures, 
such as micronization, also have been shown to be able to disrupt cell wall components and 
increase availability of dry matter and other nutrients in swine diets (Lawrence, 1973).   
  While the applied research directing towards minimizing the environmental impact 
of P in the excreta from the swine industry has made vast improvements, understanding the 
regulation of P utilization at the molecular level in pigs is essential for further improvements.  
Unfortunately, these regulatory mechanisms have not been extensively studied, especially in 
pigs (Coloso et al., 2003; Sugiura and Ferraris, 2004).  The influence of genetics on 
reproduction (Emmerson, 1997) and control of lean and fat growth (Spurlock et al., 1994; Te 
Pas et al., 2004) has been clearly demonstrated in pigs.  The importance of genetics on 
nutrition and nutrient utilization has also been demonstrated in pigs (Hittmeier et al., 2006; 
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Thacker et al., 2004; Veum et al., 2002), however, relatively little is known about genetic 
differences in P utilization.  However, little if any work has examined the influence of 
genetics on these mechanisms of P metabolism in pigs.  Understanding the interactions 
between genetics and P utilization could provide novel interventions for reducing P excretion 
by pigs.  Crocker and Robison (2002) investigated genetic, sex and nutritional effects on 
swine excreta and found that genetics (maternal line (WL), paternal line (BL), WL: Landrace 
x Large White composite selected for 10 generations for number born alive, BL: Hampshire 
x Duroc composite selected for 10 generations for decreased backfat thickness) affected 
nutrient excretion, including P excretion and also affected total excreta output.  Previous 
work in our lab investigated the effect of the interactions between dietary P and genetic 
background on growth performance, bone strength and gene expression in bone marrow 
(Hittmeier et al., 2006).  These differences observed in growth and gene expression between 
the genetic backgrounds while under P deficiency suggest a difference in the mechanisms of 
homeorhetic control of P utilization between these genetic lines.  Further research is needed 
to examine genetic differences in P utilization; however, these studies provide convincing 
evidence that genetics can impact P utilization or requirements.  Understanding the impact of 
dietary P and genetic background on gene expression could lead to strategies to increase the 
efficiency of growth in domestic animals.  Lack of understanding of the molecular response 
to dietary P has hindered our understanding of the fate of dietary P and its regulatory 
mechanisms in pigs.  This knowledge is essential to develop strategies to increase the 
efficiency of animal production in an environmentally friendly manner. 
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Meat Quality 
 
The opinions about what traits are most important for meat quality differ.  The goal of 
defining these traits is to come to a consistent product that is desirable, and nutritious.  At 
this time, more pork is consumed than any other meat in the world and the world population 
expansion undoubtedly contributes to increasing pork consumption.  Meanwhile average per 
capita intake also increased in recent years, especially in many parts of the world where pork 
is the more preferred than the other animal protein sources.  With the development of swine 
industry, pork production becomes more efficient with a continuing decrease in the cost of 
production, and produces more high quality and specialized products that meet the needs of 
specific markets.  Accompanying all these advantages, pork consumption on a worldwide 
basis will continue to increase.  
Previous research has shown that technological, nutritional, and sensory traits of meat 
can be influenced by multiple factors both before and after slaughter.  To different extents, 
all factors are present in the commercial swine industry.  Each of these factors can’t cause 
big meat quality problem, but in combination, the effects may be severe.  As slaughter and 
animal handling procedures have become more standardized, the nutritional and genetic 
modulators of pork quality have received more attention.  Because it is generally accepted 
that genetics impact pork quality, much research has investigated the relationship between 
specific genetic polymorphisms and meat quality traits.  One gene that has received 
considerable attention in this area is the one that codes for myogenin.  Myogenin is claimed 
to be important for meat production, because its expression limits the production of 
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precursors to muscle cells.  Delayed expression of myogenin would result in increased 
numbers of myoblasts, and subsequently myofibers (Te Pas, 2003).  Polymorphisms in the 
myogenin gene have been identified in pigs (Kato et al., 1998; Wyszynska-Koko et al., 2006) 
and growth and carcass characteristics have been associated with myogenin genotypes (Te 
Pas et al., 1999).  The levels of mRNA coding for myogenin have also been associated with 
growth rate and carcass characteristics in pig (Te Pas et al., 2004).  Additionally, probably 
one of the most important genetic polymorphism for meat quality that has been identified is 
the ryanodine receptor gene (Rn gene), which is related to porcine stress syndrome.  New 
results, which described the linked effects of ryanodine receptor on carcass composition and 
quality, make this the greatest area of success so far in terms of molecular genetics actually 
being applied to pork production (Edwards et al., 2003; Fujii et al., 1991; Wendt et al., 2000). 
In addition to genetic backgrounds and specific genotypes, the influence of nutrients 
on carcass traits is also well documented (Choct et al., 2004; Matthews et al., 2005; Millet et 
al., 2006; Minh and Ogle, 2005).  Taste, tenderness, aroma, color and uniformity have all 
been shown to be affected by nutritional factors.  Over the last thirty years, nutritional 
technology has been used as an important method to improve meat quality and give 
significant commercial benefits.  This technology is also known to decrease drip loss through 
control of oxidation, which has all resulted in improved overall customer acceptance.   
As discussed earlier, very limited research has been conducted to elucidate the 
molecular mechanism of P regulation and utilization in the animals.  Of the work that has 
been conducted, most has focused on the role of P in the bone formation and development.  
While bone tissue represents the major P pool in the body, muscle tissue is the second 
largest.  Therefore, it is of importance to also study the response of muscle tissue to dietary P 
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in order to gain a more complete picture of P regulation in the whole animal.  Most 
important, the quality and production of porcine muscle not only play a key role in bringing 
prosperity for swine industry, because of its importance in the national diet, but also provide 
animals to maintain a viable pork processing industry.  Thus porcine muscle works as a 
stable source of revenue and value added for crop production for the agricultural enterprises.  
So studies investigating P effects on carcass characteristics and meat quality will have great 
implications and could potentially bring benefits to the swine industry.  With the current 
regulatory milieu pushing the swine industry to provide less dietary P to pigs, understanding 
how this may affect meat quality is also a timely topic.   
Previously, other researchers have realized the importance of examining the impact of 
dietary P on meat quality and began examining these attributes in addition to growth 
performance and bone characteristics.  O’Quinn et al. (1997) estimated the amount of 
digestible P needed to maximize performance and carcass merit of terminal-cross growing-
finishing barrows and gilts.  This work suggested that P excretions of terminal-cross pigs can 
be reduced by feeding less than current NRC recommendations for P without reducing 
performance, carcass merit, or structural soundness of live pigs.  Other work has also 
demonstrated that diets containing less total P than recommended by the NRC would not 
have a negative impact on carcass characteristics.  Spencer et al. (Spencer et al., 2000) 
conducted studies to determine the effects of feeding a low-phytate corn on growth 
performance, bone strength, and carcass characteristics of growing-finishing swine in 
experimental and commercial production environments.  They confirmed that the P in low-
phytate corn is available to the pig and suggested that pigs fed diets containing this 
genetically modified corn will have more desirable carcasses.  However, Shelton et al. (2004) 
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found that a reduced P diet containing phytase had no negative effects on growth 
performance, but it did have negative effects on carcass traits.  While this limited amount of 
research has examined the impact of reduced dietary P on pork quality, no research, to our 
knowledge, has examined the interactions of genetics and reduced dietary P on pork quality.  
By exploring the question, “Do genetic background and dietary P level interact to affect meat 
quality”, and doing so at the molecular level, we hope to elucidate the regulatory mechanisms 
of P utilization in pigs.  We hope that this research leads to novel interventions for improving 
the efficiency of pork production while doing so in a more environmentally friendly manner.  
 
Satellite Stem Cells 
 
The influence of genetic factors on carcass traits can relate back to the prenatal 
formation of muscle tissue (myogenesis), i.e. determination of precursor cells (myoblasts), 
proliferation (cell division), and differentiation into multinucleated myofibers.  This process 
is an exclusive prenatal event and takes place twice: primary and secondary muscle fiber 
formation, together called myogenesis.  The postnatal growth of muscle is characterized by 
hypertrophic growth of myofibers without the formation of new myofibers.  Myogenesis and 
postnatal muscle tissue growth are mostly regulated by the myogenic regulatory factors 
(MRF) gene family.   
Satellite cells were identified over 40 years ago through electron microscopy (Katz, 
1961; Mauro, 1961).  They are mononuclear progenitor cells found in mature muscle 
between the basal lamina and sarcolemma.  Satellite cells are able to differentiate and fuse to 
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augment existing muscle fibers and to form new fibers.  These cells are involved in the 
normal growth of muscle, as well as regeneration of following injury or disease (Grounds, 
1998; Holterman and Rudnicki, 2005).  It has been noticed that in undamaged muscle, the 
majority of satellite cells are quiescent; they neither differentiate nor undergo cell division.  
Upon muscle damage, satellite cells become activated.  Activated satellite cells initially 
proliferate as skeletal myoblasts before undergoing myogenic differentiation (Hill et al., 
2003; Holterman and Rudnicki, 2005; Schultz and McCormick, 1994; Yablonka-Reuveni, 
1995).  Therefore, it has been established that the major function of satellite cells is to repair, 
revitalize, and mediate the skeletal muscle tissue in the normal growth of muscle, as well as 
regeneration of following injury or disease (McCroskery et al., 2003; Zammit and 
Beauchamp, 2001).  While the function of repairing muscle tissue is very important, satellite 
cells are also responsible for all the post-natal increases in muscle growth.  It is this role that 
we are most interested in satellite cell biology, since it is of the greatest importance in animal 
agriculture. 
Since identified, it had been widely believed that satellite cells are committed to 
differentiate into skeletal muscle.  After division, satellite cell progeny, termed myoblasts, 
undergo terminal differentiation and become incorporated into mature muscle fibers as post-
mitotic myonuclei (Bischoff, 1994).  So even though satellite cells themselves are 
unspecialized, capable of proliferation and so can renew themselves, much like other stem 
cell types, they have generally been considered as precursors rather than stem cells.  The 
unipotent ability of satellite cells to generate a differentiated cell type, namely skeletal 
muscle, is unequivocal both in vivo (Moss and Leblond, 1971) and in vitro (Rosenblatt et al., 
1995).  However, in recent years, the unipotency of satellite cells has been severely 
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challenged and most researchers would agree that satellite cells are not solely committed 
myogenic precursors.  Not only is there evidence to support the multipotency of satellite 
cells, but recent work has also demonstrated the existence of stem cell populations within 
muscle, discreet from quiescent satellite cells, that possess the ability to contribute to skeletal 
muscle regeneration.  First of all, researchers noticed that muscle side population (SP) and 
stem cells from other tissues are capable of contributing to muscle regeneration (Yablonka-
Reuveni, 1995).  Then more recently, the commitment of quiescent satellite cells to the 
myogenic lineage has been further questioned.  Treatments with adipogenic inducers, such as 
thiazolidinediones or fatty acids, have been shown to cause C2C12 cells to differentiate into 
adipocytes rather than myoblasts (Teboul et al., 1995).  The plasticity of satellite cells was 
further demonstrated by their ability to differentiate into cells of an osteoblast lineage by 
treatment with bone morphogenetic protein-2 (Asakura et al., 2001; Katagiri et al., 1994).  
While some have questioned whether these were truly satellite cells and rather not a distinct 
subpopulation of a muscle tissue specific stem cell, work demonstrated that satellite cells 
could indeed differentiate into an alternative mesenchymal differentiation pathway by 
utilizing satellite cells isolated from single muscle fibers (Asakura et al., 2001; Wada et al., 
2002).  Other work has further supported the hypothesis that satellite cells are multipotent 
(Shefer et al., 2004; Singh et al., 2007; Yada et al., 2006).  Previous work also demonstrated 
that adipogenic potential of satellite cells differs according to the muscle of origin and age 
(Kook et al., 2006; Yada et al., 2006).  But clone analysis of single-fiber derived myogenic 
cells has been confirmed that single clones are capable of giving rise to both myogenic, 
osteogenic, and adipogenic cells, verifying that satellite cells in vitro are multipotent. 
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Recently, numerous investigations have been focused on understanding the 
involvement of satellite cells in postnatal myogenesis and lipid accumulation in meat-
producing animals (Gondret and Lebret, 2002; Van Barneveld, 2003).  Intramuscular 
adipogenesis has attracted a great deal of interest from meat scientists, because of the 
demand for increased marbling of meat to improve quality, particularly in pork.  Growth 
performance and carcass characteristics are affected by many endogenous and exogenous 
factors such as hormones, growth factors, and nutrients, which may exert some of their 
effects by acting directly on satellite cells (Asakura et al., 2001; Dodson et al., 1996; Johnson 
et al., 1996).  Currently, little is known regarding the factors that regulate intramuscular 
adipocytes or the regulation mechanism of intramuscular adipogenesis.  Without this 
understanding, it will definitely slow down the researchers, which try to find ways to regulate 
the growth of those intramuscular adipocytes in order to improve meat quality (Poulos and 
Hausman, 2005).  Understanding how satellite cells may contribute to intramuscular fat 
would have tremendous implications for the swine industry.  
Histogenically, scientists have noticed that myoblasts and adipocytes arise from the 
same germ layer of the embryo, the mesoderm (Li et al., 2005).  So it will not surprise them 
that myoblasts can be directly induced into the adipocytes differentiation pathway.   
We are interested in how the hormonal profiles seen in pigs fed a P deficient diet may 
impact the proliferation and differentiation of satellite cells.  Of the hormones known to 
regulate mineral homeostasis, the effects of 1,25(OH)2 vitamin D have been examined the 
most thoroughly in multiple cell types (Bellows et al., 1994; Beresford et al., 1992; Lenoir et 
al., 1996; Sato and Hiragun, 1988; Shionome et al., 1992).  Despite this vast body of 
research, to the best of our knowledge the effect of 1, 25(OH)2 vitamin D on satellite cells 
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has not been examined.  Previous work on the ability of 1, 25(OH)2 vitamin D to induce 
adipogenesis has provided mixed conclusions.  Bellows et al. (1994) demonstrated that  
1, 25(OH)2 vitamin D was a potent inducers of adipogenesis in cultures obtained from rat 
calvarias.  Other work have demonstrated that 1, 25(OH)2 vitamin D is a potent of 
proliferation in other cell types.  Additionally, vitamin D, and related analogues, have been 
shown to affect the proliferation of cells derived from the breast (Bower et al., 1991; James et 
al., 1995), prostate (Allewaert et al., 1995; Peehl et al., 1994; Skowronski et al., 1995), bone 
marrow (Allewaert et al., 1995; Liu et al., 1996), colon (Kane et al., 1996; Shabahang et al., 
1993; Shabahang et al., 1994), brain (Naveilhan et al., 1994), and epidermis (Park et al., 
1994; Yu et al., 1995).  However, Beresford et al. (1992) found that 1,25(OH)2 vitamin D 
inhibited the differentiation of rat calvarias cells into adipocytes and increased the 
differentiation of these cells into an osteogenic lineage in the presence of potent adipogenic 
inducers.  Due to the lack of information regarding the effect of 1,25(OH)2 vitamin D on 
satellite cells, the ability of this hormone to cause adipogenesis in other cell lines, and the 
fact that this hormone is regulated in response to dietary P in animals makes it of great 
interest to our research group.  Therefore, vitamin D will be a really interesting inducing 
candidate that can be examined in our trans-differentiation study. 
There are limitations by use of culture systems to determine the precise mechanism of 
the transdifferentiation, because satellite cell isolation disrupts the intercellular relationship 
between muscle fibers and quiescent satellite cells.  However, in vivo analysis will be really 
helpful in understanding this inducing mechanism of multipotency of muscle satellite stem 
cells.  Information gathered about the impact of 1, 25(OH)2 vitamin D on satellite cells in 
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vitro could lead to interventions to improve intramuscular adipogeneis and thereby pork 
quality.   
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CHAPTER 2. EFFECT OF DIETARY PHOSPHORUS AND ITS 
INTERACTION WITH GENETIC BACKGROUND ON 
GLOBAL GENE EXPRESSION IN PORCINE MUSCLE 
 
Summary 
    Environmental concerns and costs associated with dietary phosphorus (P) 
supplementation have led to attempts to minimize the amount of P added to swine diets.  In 
addition to its requirement for bone growth, dietary P is also necessary for muscular growth.  
In order to examine the effects of genetic background and dietary P on global gene 
expression in the muscle of young pigs, we utilized muscle tissue from 36 gilts sired from 2 
different sire lines.  These animals were fed either a P adequate, P deficient or P repletion 
diet for 14 days and showed differences in growth performance and bone integrity in 
response to the interaction of genetic background and dietary P in previous study.  Total 
RNA from the loin muscle of these animals was obtained for microarray analysis.  
Significant differences (P < 0.01) in gene expression were seen based on the effect of sire 
line (339 genes), dietary P (13 genes), and the interaction between sire line and dietary P (20 
genes).  The microarray data was validated by semi-quantitative real-time PCR.  These 
results support our hypothesis that genetic background and dietary P treatment can affect the 
homeorhetic control of P metabolism in pigs.  Genes identified as differentially expressed in 
this study may be excellent candidate genes for additional work to elucidate genotype 
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specific P requirements as well as to identify a genetic backgrounds that can maintain 
superior growth in a more environmentally friendly manner.   
 
Introduction 
Dietary phosphorus (P) is an essential nutrient for bone and soft tissue growth, muscle 
contraction, blood clotting, and proper functioning of the nervous system.  Despite its 
essentiality, increasing governmental and public concerns over the environmental impact of P 
in the excreta of livestock have driven research to more accurately define P requirements and 
reduce excess P excretion (Knowlton et al. 2004).  Over the last decade, a considerable 
amount of research has examined methods to improve the bioavailability of P from plant 
sources (Stahl et al. 2004; Radcliffe et al. 1998; Lei et al. 1993), as well as to more 
accurately define the P requirement for pigs (Traylor et al. 2005; Hastad et al. 2004; Carter & 
Cromwell 1998).  Despite the amount of research conducted in these areas, little if any has 
examined the genetic mechanisms underlying the response to dietary P concentration.  
Previous work in our laboratory has demonstrated differences in growth, bone strength and 
gene expression in the bone marrow in response to the interaction of genetic background and 
dietary P (Hittmeier et al. 2006).  These differences suggest that there was an altered 
homeorhetic control of P utilization between the genetic lines (lighter-boned (LB) and 
heavier-boned (HB)) used in this study.  Since soft tissue growth also significantly 
contributes to dietary P requirements, the objective of this study was to identify genes that 
were differentially expressed in the muscle of the pigs utilized by Hittmeier et al. (2006) in 
response to genetic background, dietary P and their interaction using oligonucleotide 
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microarrays.  These genes may provide targets or lead to strategies to increase the efficiency 
of growth of pigs in a more environmentally friendly manner. 
 
 
Materials and methods 
            Animals and dietary treatments 
All animal protocols were approved by the Animal Care and Use Committee of Iowa 
State University and described in detail by Hittmeier et al. (2006).  Briefly, 36 gilts (4 wk±1 
d of age) from 2 genetic lines, obtained by crossing two sire lines (PIC337 and 280, Pig 
Improvement Company, Franklin, KY, USA) with a common sow line (Cambro22, PIC), 
were selected and housed individually in 0.5 m2 pens under controlled environmental 
conditions (23.3-25.6 °C and 14 h of light/d).  These gilts were obtained from 12 litters, with 
3 gilts of similar body weight selected per litter.  Mixed semen of PIC337 boars was utilized 
for half of the sows and mixed semen from PIC280 boars was utilized for the other 6 sows.  
In our study, all piglets were fed a basal diet, which met or exceeded their nutrient 
requirements (NRC, 1998) for 1 wk prior to treatment initiation to allow them to acclimate to 
their new environment.  At the start of the treatment, all animals were weighed and then 
allotted by litter and body weight (6.63±0.78 kg) into 1 of 3 treatment groups, which received 
either a P adequate (+P), P deficient (-P), or repletion P (RP) diet for 2 wk (12 gilts per 
treatment, 6 from each sire line and pigs from each litter were evenly represented among 
each treatment group) (Table 1).  The RP group was fed with the -P diet for 1wk and the +P 
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diet for another week (Table 1).  The –P diet causes severe P deficiency in pigs of this size 
(Hittmeier et al., 2006). 
 
Tissue collection and RNA extraction 
At the completion of the 2 wk feeding trial, all piglets were euthanized and a sample 
of the longissimus dorsi muscle at the last rib was then immediately collected and snapped 
frozen in liquid nitrogen.  Muscle samples were transported on dry ice and stored at –80 °C 
until RNA extraction.  Total RNA was isolated from each muscle sample using RNeasy Midi 
Kit (Qiagen, Valencia, CA, USA) according to manufacturer’s instructions.  To remove any 
DNA contamination, RNA samples were treated with DNase I (Ambion, Austin, TX, USA) 
according to manufacturer’s instructions.  Quantification of RNA samples was obtained by 
spectrophotometer at 260 nm and the quality of the samples were assessed on 0.1% agarose 
gels.  All RNA samples were stored at –80 °C until use.  
 
Microarray experimental design and analyses 
A total of 36 arrays were utilized in a loop design with dye balance, so that all pair-
wise treatment comparisons were performed within litter.  The three slide loops compared the 
Cy3 labeled cDNA from the +P pig with the Cy5 labeled cDNA from the –P pig on one slide, 
the Cy3 labeled cDNA from the -P pig with the Cy5 labeled cDNA from the RP pig on 
another slide, and the Cy3 labeled cDNA from the RP pig with the Cy5 labeled cDNA from 
the +P pig on the final slide to complete the loop (Figure 1).  Samples of cDNA from each 
individual pig sample were measured an equal number of times with each dye.  Each array 
was scanned twice for each dye at 10 -µm resolutions using a General ScanArray 5000 
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scanner (Boston, MA, USA) under conditions to limit saturation to <1%.  The 
oligonucleotide microarrays used in this study were produced with the Qiagen Array-Ready 
Oligo Set (AROS) for the Pig Genome (version 1.0) and the Pig Genome Oligo Extension 
Set (version 1.0).  The characteristics of these arrays and the oligos utilized to make them 
have been previously described (Zhao et al., 2005).  Before use, arrays were stored in 
desiccators at room temperature.  Aminoallyl-dUTP (aa-dUTP) labeled cDNA was reverse 
transcribed from total RNA (40 µg) using a dNTP and aminoallyl-dUTP (Sigma, St. Louis, 
MO, USA) mix in the presence of 6 µg random (Invitrogen Life Technologies, Carlsbad, CA, 
USA) and 1 µg oligo(dT)18 primers (IDT, Coralville, IA, USA), 1× first-strand buffer, 10 
mM DTT, 25 mM dNTPs and 400 units superscript II reverse transcriptase (Invitrogen Life 
Technologies, Carlsbad, CA, USA).  RNA was then hydrolyzed with 1 M NaOH and the 
samples then neutralized with 1 M Hepes (pH 7.0).  First-strand cDNA was precipitated, air 
dried, and resuspended with 4 µl 0.1 M Na2CO3 buffer (pH 9.0), mixed with the dyes, either 
Cy3 or Cy5 (Amersham Biosciences, Piscataway, NJ, USA) at room temperature for 2.5 h.  
The dye labeled cDNA was purified using QIAquick PCR purification kits (Qiagen) to 
remove any unincorporated dye.  Incorporation efficiency of the dyes was determined by 
absorption at 550 nm.  Prior to hybridization with the labeled cDNA, microarrays were pre-
hybridized in 50% formamide, 5×SSC, 0.1% SDS, and 0.1 mg/ml BSA for 30 min.  The 
arrays were then washed by immersion in ultra pure water followed by rinsing with 
isopropanol for 2-3 s.  After rinsing, the arrays were dried by centrifugation at 2,000 × g for 3 
min in 50 ml conical tubes.  For hybridization, equal amounts and volumes of Cy3 and Cy5 
labeled cDNA were precipitated with ethanol, resuspended in hybridization solution 
containing 50% formamide, 5× SSC, 0.1% SDS, and 0.2 µg/µl sheared salmon sperm DNA 
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and denatured this solution at 95 °C for 5 min, then applied to the microarrays.  The 
microarrays were then incubated at 42 °C water bath overnight.  After hybridization, arrays 
were washed 3 times with 2 × SSC, 0.1% SDS for 2-3 min, then rinsed in 0.1 × SSC for 30 s.  
The arrays were then dried by centrifugation at 2,000 × g for 2 min in 50 ml tubes prior to 
scanning.   
 
Semi-quantitative real-time PCR 
In order to validate our microarray results, semi-quantitative real-time PCR was 
performed using the MyiQ Single Color Real-Time PCR Detection System (Bio-Rad 
Laboratories, Hercules, CA, USA).  All primers were designed using “PrimerQquest” 
software available from Integrated DNA Technologies (Coralville, IA, USA) and nucleotide 
sequences obtained from GeneBank (www.pubmed.com) or the TIGR porcine EST database 
(www.tigr.org).  Primer oligonucleotides for the genes: 60S ribosomal protein L35 (RPL35), 
hydroxymethylglutaryl-CoA lyase (HMG-CoA lyase), sodium/hydrogen exchanger factor 1  
(NHE-1), Tec protein tyrosine kinase, and transaldolase are listed in Table 2.  Prior to 
quantification by real-time PCR, optimal primer concentrations for each primer set were 
determined, and verified that the primers produced their intended amplicons at a rate similar 
to that of the control primers, which amplify a portion of RPL35 RNA.  Levels of the cDNA 
for the RPL35 gene were verified not to be affected by the dietary treatment or genetic 
background of animals according to the method of Livak and Schmittgen (2001).  The RNA 
samples (36 total), previously used for the microarray analysis, were reverse transcribed with 
superscript II (Invitrogen Life Technologies) according to the manufacturer’s instructions.  
The cDNA was then incubated for 20 min at 37 °C with E. coli RNase H (Invitrogen Life 
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Technologies) and stored at –80 °C until real-time PCR analysis.  Reactions were performed 
using 12.5 μl of SYBR Green Supermix (Bio-Rad), 50 - 900 nM of each primer, and 100 ng 
of cDNA in a final volume of 25 μl.  Amplification conditions were 95 °C for 10 min, 45 
cycles of 95 °C for 30 s, and 60 °C for 30 s.  At the completion of the amplification protocol, 
all samples were subjected to a melt curve in order to verify the absence of any non-specific 
products.  Additionally, all amplified products were sequenced to confirm their identities. 
Statistical analysis 
The intensities of spots on each image were quantified by ImaGene 5.1 software 
(BioDiscovery, El Segundo, CA, USA), and data were saved for further analyses.  Local 
background values were subtracted from signal means, and a small constant was added to all 
differences to allow for log transformation of the background-corrected signals.  Following 
log transformation, all data were normalized using the LOWESS method (Cleveland, 1979) 
to remove intensity-dependent dye bias from each slide.  The resulting values were adjusted 
so that the median normalized signal for each gene would be constant across slide and dye 
combination (Wolfinger et al., 2001).  The normalized data were then analyzed using the 
PROC MIXED procedure of SAS (SAS Institutes, Inc., Cary, NC, USA) in a mixed linear 
model with dye, sire line, treatment and the interaction between sire line and treatment 
considered as fixed effects.  The effects of litter within sire line, and slide within litter were 
included as random effects in the model.  The LOWESS normalized data were analyzed on a 
gene-by-gene basis for all possible pair-wise comparisons following the procedure of 
Wolfinger et al. (2001).  We set our alpha level < .01. 
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            For the analysis of the real-time PCR data, a normalized expression level for each 
gene was obtained using the 2-ΔCT method of Livak and Schmittgen (T.D., 2001).  The 
normalized gene expression levels were then analyzed using the PROC MIXED procedure of 
SAS (SAS Institutes) with sire line, diet and their interaction considered as fixed effects.  The 
effect of litter within sire line was fit as a random effect in the model.  Pair-wise contrasts 
between all possible combinations of sire line and diet were performed with our alpha level 
set < .05. 
 
Results 
Microarray results 
Sire line effect 
            A total of 339 genes were identified as differentially expressed (P < 0.01) based on 
sire (genetic) line, those with a tentative TIGR annotation (299) are listed in Table 3.  Since 
the focus of this study was to examine interactions between genetic background and dietary 
P, we will not discuss sire line effects on gene expression in this paper. 
 
Treatment effect 
In muscle tissue, 13 genes that have been assigned a TIGR cluster identification 
number (TC identifier) were differentially expressed based on dietary P treatment (P < 0.01) 
(Table 4).  Dietary P deficiency caused higher expression of the genes coding for valyl-tRNA 
synthetase, exosome complex exonuclease RRP44 and hydroxymethylglutaryl-CoA lyase 
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and lower expression of the gene corresponding to TC122417 in porcine muscle.  Feeding 
the RP diet allowed for levels of gene expression for valyl-tRNA synthetase and exosome 
complex exonuclease RRP44 to be similar to those seen in +P fed animals, however levels of 
hydroxymethylglutaryl-CoA lyase mRNA remained elevated and levels of mRNA for the 
gene corresponding to TC122417 were depressed compared to the +P fed pigs.  Feeding of 
the RP diet also caused higher expression of transaldolase, ribosomal protein L28, heat shock 
40 kDa protein 1, recombination activating protein 2, syne2 protein, and G1/S-specific cyclin 
E1 than +P group pigs.  The expression of genes encoding a C21orf70 homolog and 
corresponding to a cDNA RIKEN sequence were lower in RP fed pigs.  
 
Sire line by treatment interaction effect 
            There were 20 genes with TC identifiers whose expression was significantly affected 
by the interaction of sire (genetic) line and dietary P treatment (P < 0.01) (Table 5).  Several 
genes were identified as being differentially expressed based on dietary treatment among the 
PIC337 sired pigs, but not among their PIC280 sired counterparts.  In PIC337 sired pigs, but 
not in those sired by PIC280, dietary P deficiency significantly increased the gene expression 
of DNA topoisomerase II, splicing factor 3B subunit 10, ribosomal protein S4, the genes 
corresponding to TC119820 and TC118413.  Additionally, the expression of genes encoding 
chromosome-associated polypeptide-C and NYD-SP6 were decreased in P deficient PIC337 
sired animals.  Among the PIC280 sired pigs, but not their PIC337 sired counterparts, the 
expression of ribosome biogenesis protein BMS1 was significantly reduced and the 
expression of PoIFN-alpha II-3 was increased in P deficiency.  Of particular interest among 
PIC337 sired pigs fed the RP diet was the increase in gene expression of recombination 
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activating protein 2, transcription factor Oct-1, DNA topoisomerase II (alpha and beta), 
brain-derived neutrotrophic factor, matrix metalloproteinase-20 and the gene corresponding 
to TC124348.  There were also several genes whose response to dietary P levels was entirely 
opposite based on genetic background.  Expression of DNA topoisomerase II (alpha and 
beta), brain derived neurotropic factor, and the gene corresponding to TC124348 was higher 
in +P fed pigs compared to RP fed pigs in the PIC280 sired animals but lower in the PIC337 
sired animals.  Higher levels of Ras-like family 11 member A and a CREB/ATF family 
transcription factor were lower during P deficiency in the PIC280 sired animals, but higher 
during P deficiency in their PIC337 sired counterparts.  Also, the levels of NHE1 mRNA 
were elevated during deficiency among PIC280 sired pigs, but higher during adequacy for 
PIC337 sired pigs.   
 
Semi-quantitative real-time PCR 
To validate our microarray approach for identifying differentially transcribed genes, 
we performed semi-quantitative real-time PCR on the 4 genes listed in the Table 2.  In the 
normalized gene expression graph, dot bar representing the +P treatment group, line bar 
representing the RP treatment group and <dot bar representing –P treatment group.  
Expression level of HMG-CoA lyase (Figure 2), which was identified as being differentially 
expressed based on treatment by our microarray analysis, was significantly affected by the 
interaction of sire line and dietary P treatment (P < 0.05).  Being fed a -P diet caused a 
decrease in its expression in the PIC337 sired animals, but an increase in its expression in the 
PIC280 sired animals.  The RP diet did not allow animals from either genetic background to 
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have similar HMG-CoA lyase expression compared to +P fed animals.  Expression of NHE1 
(Figure 3), which was identified as being differentially expressed based on the interaction 
between sire line and treatment, was also identified as significantly affected by this 
interaction (P < 0.05) by real-time PCR.  For the PIC280 sired pigs, RP and –P group 
animals showed higher NHE1 expression than +P animals.  When comparing the –P pigs of 
the two genetic backgrounds, PIC337 pigs had significantly lower NHE1 mRNA level than 
their PIC280 sired counterparts.  The expression of Tec protein tyrosine kinase (Figure 4) 
was affected by dietary treatment only among PIC280 sired animals (P < 0.05).  Among 
these animals, those fed the -P diet had higher levels of Tec tyrosine kinase message than RP 
fed or +P fed animals.  Transaldolase expression, which was identified in the microarray 
analysis as being differentially expressed based on dietary treatment, tended to be affected by 
the interaction of genetic background by dietary P level (P < 0.1) in our real-time PCR 
analysis (Figure 5). 
 
Discussion 
            Lack of understanding of the response of skeletal muscle to dietary P at the genetic 
level hinders our understanding of the fate of dietary P and its homeostatic mechanisms in 
pigs.  This knowledge will be really helpful in developing strategies to increase the efficiency 
of animal production in an environmentally friendly manner.  Although previous studies have 
examined gene expression of muscle tissue using differential display microarray techniques 
(Afonson et al. 2004; Ji et al. 2004; Ledger et al. 2004; Moser et al. 2004; Bai et al. 2003; 
Moody et al. 2002), none has examined the impact of P nutrition on gene expression or have 
utilized the long oligonucleotide arrays. 
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            Our study is the first to our knowledge, to demonstrate the impact of genetic 
background and dietary P on gene expression in porcine muscle.  Previous work in our 
laboratory has demonstrated differences in growth performance, bone strength and gene 
expression in bone marrow in response to the interaction of genetic background and dietary P 
treatment (Hittmeier et al. 2006).  This suggests that there was altered homeorhetic control of 
P utilization between these genetic lines.  With the changes in gene expression seen in bone 
tissue based on the interaction of genetic background and dietary P, our logical next step was 
to examine global gene expression changes in muscle tissue, since it is the second largest P 
pool in the body.  
Microarrays have been widely used in genomics research for those organisms with 
sufficient genomic resources.  Although it is an exceptionally powerful research tool, 
microarray experiment has a major limitation: the large number of comparisons required in 
the statistical analysis, which can produce a large number of false positive results (Nadon and 
Shoemaker, 2002).  Other studies utilizing microarrays have attempted to reduce the number 
of false positives presented by filtering the data by relative fold change (Da Costa et al. 2004; 
Sreekumar et al. 2002).  We have avoided filtering our data based on relative fold change in 
this study, since a level of relative fold change of a gene transcript could have no bearing on 
its biological impact.   
Regardless of the methods used to reduce the reporting of false positive data in 
microarray experiments, confirmation of individual gene expression differences by methods 
such as real-time PCR is necessary.  To validate our microarray data, we selected 4 genes for 
analysis of expression levels by real-time PCR.  These genes were selected for three reasons: 
1) their transcription level differed significantly according to our microarray analysis; 2) their 
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complete mRNA sequences were available; and 3) they code for proteins related to growth 
and metabolism.   
The first gene we examined was hydroxymethylglutaryl-CoA lyase (HMG-CoA 
lyase).  Based on our microarray analysis, the expression of HMG-CoA lyase was affected by 
dietary P.  Real-time PCR validated that the concentration of HMG-CoA lyase mRNA was 
significantly affected (P < 0.05) by dietary P and also affected by the interaction of dietary P 
and genetic background.  Due to the higher sensitivity of real-time PCR, it is not surprising 
that a difference in gene expression not identified by microarray analysis as being significant 
is significant when analyzed by real-time PCR.  Additionally, this emphasizes the importance 
of validating gene expression data obtained by microarray analysis using more sensitive 
methods, such as real-time PCR.  HMG-CoA lyase is involved in leucine catabolism and is a 
key enzyme for ketogenesis and the catabolism of branched-chain amino acids (BCAA).  The 
increase of HMG-CoA lyase mRNA seen in the PIC280 sired animals fed the –P diet may be 
due to an increased catabolism of BCAA.  Degradation of BCAA is highly regulated in pigs 
and BCAA that are ingested above the animals’ requirements are quickly degraded (Harris et 
al. 2004).  Since the PIC280 animals fed the –P diet had dramatically lower (P < 0.05) 
average daily gain than their +P fed contemporaries without a concomitant decrease in their 
average daily feed intake (Hittmeier et al. 2006), this implies that the PIC280 –P pigs were 
ingesting more BCAA than were needed for growth and therefore needed greater rates of 
BCAA degradation.  Higher rates of BCAA catabolism could necessitate higher levels of 
HMG-CoA lyase to prevent the accumulation of toxic intermediates of BCAA catabolism 
(branched-chain α-keto acids, e.g.) (Harper et al. 1984).  There is some support for this in the 
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literature, with the expression of HMG-CoA lyase being increased in response to a high-fat 
diet (Kim et al. 2004).   
The next gene we examined, sodium/hydrogen exchanger 1 (NHE1), was identified 
as being differentially expressed based on the interaction of genetic background and dietary P 
by microarray analysis.  These differences in gene expression were validated and consistent 
with our real-time PCR results.  Denker et al. (2000) proposed a structural role for NHE1 in 
regulating the cortical cytoskeleton that is independent of its function as an ion exchanger.  
This occurs through a previously unrecognized structural link between NHE1 and the actin-
binding proteins.  Changes in the expression of NHE-1 in human HL60 cells have been seen 
with several treatments that cause cellular differentiation (Besson et al. 1998; Rao et al. 
1992; Rao et al. 1991).  These observations all suggest that the NHE-1 plays a role in cellular 
differentiation and therefore growth. 
According to our microarray analysis, the expression of Tec protein tyrosine kinase 
was affected by dietary P treatment.  Our real-time PCR validation of this gene also showed 
an affect of dietary P on its expression, however this effect was only seen in PIC280 sired 
animals.  The differential expression based on dietary P of transaldolase identified by our 
microarray analysis was not confirmed by our real-time PCR (Figure 5).  There was a trend 
(P < 0.1) for higher levels of transaldolase mRNA in the muscle tissue of PIC280 RP and –P 
pigs compared with their PIC337 counterparts. 
In 75% of the genes we validated by real-time PCR, similar differences in mRNA 
levels were identified by both real-time PCR and our microarray analysis.  It suggests that 
our microarray data are reliable; however, it is still important to remember that specific 
changes in mRNA levels should always be verified by a more sensitive measure such as real-
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time PCR.  When examining the impact of a nutrient on gene expression within an individual 
tissue, an additional point that needs to be considered is how much of the effects seen are 
directly due to the nutrient versus changes in the endocrine environment in response to that 
nutrient.  Dietary P deficiency can have a profound impact on the circulating levels of 
calcitonin, parathyroid hormone, and the hormonal form of vitamin D (Zhang et al., 2002; 
Riond et al., 2001).  In our laboratory, we have seen that these genetic backgrounds differ 
significantly in their circulating levels of calcitonin and the hormonal form of vitamin D in 
response to a subtle dietary P deficiency (unpublished data), so the effects on global gene 
expression in muscle tissue may be a direct effect of circulating P concentrations, but more 
likely are a response to the different endocrine environment caused by dietary P 
concentrations.  Regardless of whether these changes in gene expression are due directly or 
indirectly to dietary P concentrations, genes that are differentially expressed based on the 
interaction of genetic background and dietary P in these pigs are of the most interest for 
future research as a result of the differences seen in growth performance and bone integrity 
of these animals based on the interaction of genetic background and dietary P (Hittmeier et 
al., 2006).    
Global gene expression studies can generate data useful for the swine genetics 
industry to improve both the quality and efficiency of pork production.  In this study, we 
have demonstrated that genetic background can affect the molecular responses to P 
deficiency and identified genes, whose expression in muscle tissue was altered by sire line, 
dietary P, and their interaction.  Understanding the impact of genetic background and dietary 
P on gene expression in muscle tissue could lead to strategies to increase the efficiency of 
growth in domestic animals while doing so in a more environmentally friendly manner.  
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Future work to determine genotype and phenotype specific nutrient requirements could have 
a profound impact on the swine industry. 
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Table 1 Composition of diets, % as-fed basis 
Ingredients   Adjustment (%) P adequate (%) P deficient (%) 
Corn 66.00 66.00 66.65 
Soybean meal, 48% CP 23.00 23.00 23.00 
Spray-dried plasma 5.00 5.00 5.00 
Dicalcium phosphate 1.50 1.50 0.00 
Limestone 1.20 1.20 2.05 
L-Lysine-HCl 0.15 0.15 0.15 
DL-Methionine 0.05 0.05 0.05 
Corn Oil 2.00 2.00 2.00 
Vitamin/mineral premix1 0.35 0.35 0.35 
Antibiotics2 0.25 0.25 0.25 
Salt 0.50 0.50 0.50 
Nutritive values3    
CP 20.30 20.30 20.40 
Lysine, available 1.17 1.17 1.17 
Methionine, available 0.31 0.31 0.31 
Ca 0.88 0.88 0.87 
P, total 0.71 0.71 0.43 
P, available 0.41 0.41 0.14 
Ca, analyzed4 0.95 0.91 1.00 
P, analyzed4 0.65 0.64 0.40 
 1 Provides 6,614 IU vitamin A, 1,653 IU vitamin D3, 33 IU vitamin E, 0.03 mg vitamin B12, 9.9 mg 
riboflavin, 49.6 mg niacin, 26.5 mg pantothenic acid, 10.5 mg Cu2+, 105 mg Fe2+, 36 mg Mg2+, 90 mg 
Zn2+, and 1.2 mg I- per kg of diet. 
 2 Provides 110 mg of oxytetracycline and 77 mg of neomycin sulfate per kg of diet. 
3 Calculated, based on NRC (1998). 
4 Total mineral content analysis performed by Eurofins Scientific Inc., Des Moines, IA. 
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Table 2 Primer pairs of the genes validated by real time PCR 
Primer sequence1  
Gene Name I: Forward primer       II: Reverse primer 
60S Ribosomal protein 
(RPL35) 
I:  AACCAGACCCAGAAAGAGAAC 
II: TTCCGCTGCTGCTTCTTG 
Hydroxymethylglutaryl-CoA 
lyase (HMG-Co lyase) 
I: AGTGGCTCAGGCTTCCTGTAAACT 
II: GGTGCCTGCACCTGTTCATTTCAT 
Sodium/hydrogen exchanger 1 
(NHE-1) 
I:  ACCTGTTCCTCACAGCCATCATCA 
II: TTGATGGAGCGCTTCGTTTCTTGC 
Tec protein tyrosine kinase I: AGCCGTTTCAGCAGCAAATCAGAC 
II: TCTCCTGCCAACATCTCAGCATCA 
Transaldolase I: TCAGCAAGGACCGCATCCTCATAA 
II: GAGCAGCGTCATGTTGCAATGGAT 
        1 All primers listed in the 5’ to 3’ direction. 
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        Table 3 Genes with differential expression based on genetic background1  
TIGR # Tenative TIGR Annotation TIGR # Tenative TIGR Annotation 
TC123079 weakly similar to (Q7ULI7) Hypothetical protein TC106272 optineurin 
TC115390 similar to GP|19918916|gb|AAL99380.1||AY083616 ATP-binding cassette transporter ABCA3  TC106718 glycogen synthase 
TC127664 homologue to UP|Q7PI42 (Q7PI42) ENSANGP00000024316 (Fragment) TC117501 
similar to GB|AAQ89023.1|37182442|AY358660 
AVYV493  
TC104540 
similar to SP|O43278|SPT1_HUMAN Kunitz-type 
protease inhibitor 1 precursor (Hepatocyte growth 
factor activator inhibitor type 1) 
TC104760 3-methyl-2-oxobutanoate dehydrogenase [lipoamide] kinase 
TC105572 UP|O50077 (O50077) Inorganic phosphate transporter (Fragment) TC122825 
transmembrane 9 superfamily protein member 2 
precursor 
TC122713 (Q7QAN7) AgCP7948 (Fragment) TC104430 UP|Q6S4N2 (Q6S4N2) Heat shock protein 70.2 
TC123955 weakly similar to UP|Q9ZD59 (Q9ZD59) NIFS PROTEIN HOMOLOG (Spl1) TC103919 
heat shock cognate 71 kDa protein (Heat shock 70 
kDa protein 8) 
TC108685 (Q22221) Hypothetical protein T05C1.4 TC110051 homologue to UP|Q3ZCG6_BOVIN (Q3ZCG6) FKBP1A protein  
TC116077 homologue to UP|Q9KEV8 (Q9KEV8) BH0741 protein TC116919 
homologue to SP|Q9NRG9|AAAS_HUMAN Aladin 
(Adracalin)  
TC114882 homologue to SP|O00587|MFNG_HUMAN Beta-1,3-N-acetylglucosaminyltransferase manic fringe TC105676 
similar to UP|RISC_HUMAN (Q9HB40) Retinoid-
inducible serine carboxypeptidase precursor (Serine 
carboxypeptidase 1) (MSTP034)  
TC118788 homologue to UP|Q6UWU5 (Q6UWU5) WLRW300 TC107022 similar to UP|Q71RG1 (Q71RG1) FP291 
TC124388 similar to (Q7YVD4) Hypothetical protein TC104399 UP|Q6LC82 (Q6LC82) GTPase cRac1A 
TC112138 similar to UP|Q6S3G1 (Q6S3G1) Extracellular calcium sensing receptor, TC118061 
homologue to UP|Q7Z5B2 (Q7Z5B2) Iron-sulfur 
cluster scaffold protein  
TC126844 (Q740W9) Hypothetical protein TC116157 complement C1qC (Fragment) 
TC106732 
similar to SP|Q9NZ20|PA23_HUMAN Group III 
secretory phospholipase A2 
precursor(Phosphatidylcholine 2-acylhydrolase GIII) 
NP275308 ubiquitin-activating enzyme E1 
TC117445 
homologue to SP|Q9H147|TDF1_HUMAN Terminal 
deoxynucleotidyltransferase interacting factor 1 
(TdT interacting factor 1) (TdIF1). 
NP276480 putative melatonin receptor 1B  
TC118100 GP|21619831|gb|AAH33080.1||BC033080 tuftelin interacting protein 11  TC111064 
heparin-binding EGF-like growth factor precursor 
(HB-EGF) 
TC106929 ribosome-binding protein 1 TC116786 homologue to 
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GP|2584789|emb|CAA75571.1||Y15286 vacuolar 
proton ATPase subunit M9.2 
TC109791 homologue to SP|P40692|MLH1_HUMAN DNA mismatch repair protein Mlh1 TC106238 glutaminase (Fragment) 
TC111372 dedicator of cytokinesis protein 7 TC104378 homologue to UP|WDR74_BOVIN (Q58D06) WD-repeat protein 74 
TC123178 homologue to (Q8N755) Hypothetical protein C2orf22 NP275758 serotonin 4A receptor (5-HT4A)  
TC121757 
similar to UP|Q8BWS3 (Q8BWS3) Mus musculus 
adult male liver tumor cDNA, RIKEN full-length 
enriched library, clone:C730023J07 
product:Leucine-rich repeat/Leucine-rich repeat, 
containing protein, full insert sequence 
TC118931 NADH-ubiquinone oxidoreductase subunit B14.5b (Complex I-B14.5b) 
TC117408 similar to GP|29896534|gb|AAP09813.1||AE017007 two component system histidine kinase TC110023 hypothetical protein, partial  
TC104906 homologue to SP|Q16254|E2F4_HUMAN transcription factor E2F4 (E2F-4) TC104150 
lysosomal Pro-X carboxypeptidase precursor (PRCP) 
(Proline carboxypeptidase) 
TC120193 
similar to 
GP|9944696|gb|AAG02879.1|AF250284_173|AF250
284 AMV173  
TC105136 similar to UP|Q6PJT8 (Q6PJT8) MGC24381 protein 
TC118875 homologue to UP|NO20_MEDTR (P93329) early nodulin 20 precursor (N-20) TC104799 
homologue to SP|Q14296|FAST_HUMAN Fas-
activated serine/threonine kinase(FAST kinase) 
TC126384 similar to (Q6LHT7) Hypothetical protein TC103681 ribosomal protein L3  
TC111248 
homologue to 
GP|21103955|gb|AAK39642.1||AY032599 multidrug 
resistance-associated protein 7  
TC104737 homologue to (Q9NZZ1) HSPC179 
TC112302 SP|Q9Y6B6|SARB_HUMAN GTP-binding protein SAR1b TC127525 zonadhesin precursor 
TC119611 
homologue to SP|P16388|CIK1_MOUSE potassium 
voltage-gated channel subfamily A member 1 
(Potassium channel Kv1.1) (MKI) (MBK1) 
TC112363 
homologue to 
GB|AAH07953.1|14044061|BC007953 MGC4645 
protein  
TC105928 similar to (O60339) KIAA0599 protein (Fragment) TC117141 ORM1-like protein 2 
TC125823 
similar to UP|Q8BU53 (Q8BU53) Mus musculus 2 
days pregnant adult female oviduct cDNA, RIKEN 
full-length enriched library, clone:E230038K10 
product:procollagen-proline, 2-oxoglutarate 4-
dioxygenase (proline 4-hydroxylase) 
TC119820 breast carcinoma amplified sequence 2 
TC115869 homologue to UP|Q6PIF2 (Q6PIF2) LOC256126 NP276409 myosin  
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protein (Fragment) 
TC108327 homologue to EGAD|31847|32917 tenascin-R (restrictin)  TC103875 polypeptide chain elongation factor 1alpha  
TC104850 
homologue to SP|O75367|H2AY_HUMAN core 
histone macro-H2A.1 (Histone macroH2A1) 
(mH2A1) (H2A.y) (H2A/y) 
TC110306 sus scrofa mannose-6-phosphate/insulin-like growth factor II receptor (m6p/igf2r) mRNA, 3'UTR 
TC107836 
SP|P48426|PI52_HUMAN phosphatidylinositol-4-
phosphate 5-kinase type II alpha(PIP5KII-alpha) (1-
phosphatidylinositol-4-phosphate 5-kinase) 
(PtdIns(4)P-5-kinase B isoform) (Diphosphoinositide 
kinase).  
TC104448 tyrosine 3-monooxygenase/tryotophan 5-monooxygenase activation protein 
TC109945 GP|21961619|gb|AAH34517.1||BC034517 Ercc2 protein  TC122074 
rearranged T-cell receptor delta-chain/ Vdelta5.2-
Ddeltas-Jdelta1 
TC106432 similar to UP|O60195 (O60195) CAP TC116342 similar to PIR|I38016|I38016 melanoma-associated antigen CD63 [validated] 
TC113056 similar to GP|13810568|dbj|BAB43955.1||AB060695 Toll-like receptor 5  TC104409 TBP-1 interacting protein 
TC108903 similar to (Q8IXT1) hypothetical protein TC105293 homologue to UP|Q9P1R4_HUMAN (Q9P1R4) HDCMD45P (Fragment) 
TC125950 homologue to SP|P46446|ACY2_BOVIN Aspartoacylase(Aminoacylase-2) (ACY-2) TC120436 pinin 
TC126498 similar to UP|Q23944 (Q23944) apolipophorin-III (Fragment) TC106141 PIP-1 protein precursor 
TC118358 similar to UP|Q8CIM1 (Q8CIM1) CDNA sequence BC023296 TC116347 ribosomal protein L15 
TC126857 similar to UP|Q91W31 (Q91W31) transmembrane protein TIARP, TC120733 UP|Q6IAM2_HUMAN (Q6IAM2) ARPP-19 protein 
TC108374 GP|21961351|gb|AAH34751.1||BC034751 Epb4.1l1 protein  TC104707 
homologue to UP|B44L_MOUSE (Q9JLG5) Brain 
protein 44-like protein (Apoptosis-regulating basic 
protein) 
TC106255 similar to UP|Q8K2H0 (Q8K2H0) D15Ertd366e protein TC104515 60S ribosomal protein L26 
TC103716 
similar to 
GP|21668105|gb|AAM74232.1|AF520698_1|AF5206
98 scotin  
TC105270 U1 small nuclear ribonucleoprotein C (U1 snRNP protein C) 
TC116407 homologue to SP|O95484|CLD9_HUMAN Claudin-9 TC117557 
translocon-associated protein gamma subunit 
(TRAP-gamma) 
TC111997 similar to GP|2632247|emb|CAA67895.1||X99583 TC116521 succinate dehydrogenase [ubiquinone] cytochrome b 
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CHL1 protein  small subunit 
TC105843 homologue to SP|P51531|SN22_HUMAN Possible global transcription activator SNF2L2 (SNF2-alpha) TC118273 
GP|6002646|gb|AAF00077.1|AF095584_1|AF09558
4 epithelial chloride channel protein 
TC105950 similar to (Q7XL66) OSJNBa0084N21.10 protein TC104553 thioredoxin-like protein 4A (Thioredoxin-like U5 snRNP protein U5-15kD) 
TC122985 similar to UP|Q8NH08 (Q8NH08) Seven transmembrane helix receptor TC104430 UP|Q6S4N2 (Q6S4N2) Heat shock protein 70.2 
TC126403 homologue to UP|Q8IYU1 (Q8IYU1) GTPase activating RANGAP domain-like 3 TC104427 
homologue to UP|KE4_HUMAN (Q92504) Zinc 
transporter SLC39A7 (Solute carrier family 39 
member 7) (Histidine-rich membrane protein Ke4) 
TC108687 similar to (Q8K2Q9) 4930506M07Rik protein TC107192 similar to UP|Q96A35 (Q96A35) Mitochondrial ribosomal protein L24 (MRPL24 protein) 
TC122250 weakly similar to UP|Q6X895 (Q6X895) SRY-box containing protein 4 TC106326 craniofacial development protein 1 (Bucentaur) 
TC121659 similar to (Q90ZA0) Collagen type XX alpha 1 precursor TC104344 
homologue to PIR|A25952|A25952 glycerol-3-
phosphate dehydrogenase  
TC106038 similar to SP|P17453|BPI_BOVIN Bactericidal permeability-increasing protein precursor (BPI) TC117042 ryanodine receptor 
TC105756 
SP|O15355|P2CG_HUMAN Protein phosphatase 2C 
gamma isoform(PP2C-gamma) (Protein phosphatase 
magnesium-dependent 1 gamma) (Protein 
phosphatase 1C) 
TC117028 proteasome subunit beta type 6 precursor 
TC126690 homologue to GP|27372211|dbj|BAC53623.1||AB085691 SMG-5  TC105349 
myeloid leukemia factor 2 (Myelodysplasia-myeloid 
leukemia factor 2) 
TC122699 similar to SP|Q14126|DSG2_HUMAN Desmoglein 2 precursor (HDGC) TC104681 
SP|O46420|CP51_PIG Cytochrome P450 
51A1(CYPL1) (P450L1) (Sterol 14-alpha 
demethylase) (Lanosterol 14-alpha demethylase) 
(LDM) (P450-14DM) 
TC117730 
homologue to SP|Q9UKU7|ACD8_HUMAN Acyl-
CoA dehydrogenase family member 8, mitochondrial 
precursor(ACAD-8) (Isobutyryl-CoA 
dehydrogenase) (Activator- recruited cofactor 42 
kDa component) (ARC42) 
TC117299 
SP|P00506|AATM_PIG aspartate aminotransferase, 
mitochondrial precursor (Transaminase A) 
(Glutamate oxaloacetate transaminase-2) 
TC107017 
homologue to SP|P40425|PBX2_HUMAN Pre-B-
cell leukemia transcription factor-2 (Homeobox 
protein PBX2) (G17 protein) 
TC104892 homologue to GB|AAF65180.1|7634777|AF068291 HDCKB03P 
TC123546 similar to GP|11991206|gb|AAG42242.1||AF305579 mucolipin 1 TC104128 lactate dehydrogenase-B  
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TC121160 
similar to UP|Q8BIT9 (Q8BIT9) Mus musculus 2 
days neonate thymus thymic cells cDNA, RIKEN 
full-length enriched library, clone:E430002A09 
product:MITOCHONDRIAL RIBOSOMAL 
PROTEIN L41 homolog 
TC105318 
homologue to SP|Q9P299|COZ2_HUMAN 
Coatomer zeta-2 subunit (Zeta-2 coat protein) (Zeta-
2 COP) 
TC118331 similar to (Q9H607) Homo sapiens cDNA: FLJ22709 fis clone HSI13338 (Hypothetical protein) TC104871 
UP|RB1B_HUMAN (Q9H0U4) Ras-related protein 
Rab-1B 
TC127323 
similar to GP|21104742|dbj|BAB93330.1||AP003374 
OJ1117_G01.13 {Oryza sativa (japonica cultivar-
group)} 
TC104436 homologue to UP|Q3ZC05_BOVIN (Q3ZC05) SLC25A4 protein  
TC105918 UP|Q89JP3 (Q89JP3) Bll5240 protein TC106414 similar to (Q8WV86) Hypothetical protein (Family with sequence similarity 36 member A) 
TC107846 weakly similar to (Q8RUF6) OSJNBa0026J14.4 protein (OSJNBa0051H17.26 protein), TC118250 angiogenin (Ribonuclease 5) 
TC105579 weakly similar to PIR|A38867|YSHUT threonine-tRNA ligase- human TC105611 
similar to 
GP|12653555|gb|AAH00551.1|AAH00551|BC00055
1 lysophospholipase-like  
TC115860 UP|Q8IY02 (Q8IY02) LOC92346 TC118633 UDP-sugar diphosphatase (Fragment) 
TC110359 (Q75B65) ADL293Wp TC118960 homologue to UP|Q6IBN2 (Q6IBN2) LOC56270 protein 
TC126932 
homologue to 
GB|AAH01211.1|12654739|BC001211 kinesin 
family member C3  
TC116757 
SP|P51966|UBC7_HUMAN Ubiquitin-conjugating 
enzyme E2-18 kDa UbcH7(Ubiquitin- protein ligase) 
(Ubiquitin carrier protein) (UbcM4) (E2-F1) (L-
UBC) 
TC106337 homologue to (Q7U8H6) Hypothetical TC117960 
homologue to SP|Q15544|T2D9_HUMAN 
transcription initiation factor TFIID 28 kDa subunit 
(TAFII-28) (TAFII28) (TFIID subunit p30-beta) 
TC112991 similar to UP|Q6JQN1 (Q6JQN1) ACAD 10 TC106505 sorting nexin 3 
TC119802 
homologue to 
GP|9651109|dbj|BAB03567.1||AB046649 TTYH1 
{Macaca fascicularis} 
TC17728 CGMP-gated cation channel 
TC119987 similar to UP|Q8N0U8 (Q8N0U8) Vitamin K epoxide reductase complex, subunit 1-like 1 TC110863 
GB|AAH05003.1|13436473|BC005003 nuclear 
transcription factor Y, gamma  
TC118868 
homologue to 
GB|AAH02686.2|12803701|BC002686 BAT8 
protein  
TC118220 UP|Q2YDT2_HUMAN (Q2YDT2) RAB11B, member RAS oncogene family 
TC111955 homologue to (Q9H330) Chromosome 9 open reading frame 5 TC103503 
homologue to SP|P36578|RL4_HUMAN 60S 
ribosomal protein L4 (L1) 
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TC106635 homologue to SP|P56178|DLX5_HUMAN Homeobox protein DLX-5 TC116918 SP|P35232|PHB_HUMAN Prohibitin 
TC110914 homologue to UP|NU54_HUMAN (Q7Z3B4) Nucleoporin p54 (54 kDa nucleoporin) TC104371 immunoglobulin alpha heavy chain constant region  
TC107511 similar to (Q88C28) Sodium/proton antiporter putative TC103278 UP|Q764N1 (Q764N1) CD74 antigen 
TC111363 similar to (Q8N8P8) Hypothetical protein FLJ39054 TC116565 
homologue to 
GP|10638226|emb|CAC10571.1||AJ293583 
ribophorin II  
TC119543 weakly similar to UP|Q9LUI1 (Q9LUI1) Extensin protein-like TC104434 
eukaryotic translation initiation factor 3 subunit 12 
(eIF3k) 
TC111103 
weakly similar to 
GP|22506723|gb|AAM97625.1||AF486247 myosin 
heavy chain type II 
TC116662 GP|11125366|emb|CAC15064.1||AJ275967 four and a half LIM domains 1 protein, isoform C  
TC124329 
homologue to 
GP|22208523|gb|AAM94335.1||AF529202 lysyl 
oxidase-like protein 
TC116838 homologue to KIAA1248 protein  
TC126609 similar to SP|O75309|CADG_HUMAN Cadherin-16 precursor (Kidney-specific cadherin) TC105274 sodium-glucose cotransporter-like 1 
TC108840 GB|BAA24237.1|2760632|AB009392 protein L NP276721 alpha-2,6-sialyltransferase  
TC104880 
homologue to UP|PAC2_HUMAN (Q9UNF0) 
Protein kinase C and casein kinase substrate in 
neurons protein 2 
TC111646 homologue to UP|Q96KN4_HUMAN (Q96KN4) NSE1 protein 
TC118856 similar to GP|21685568|dbj|BAC02698.1||AB052955 endothelial zinc finger protein-2 TC122130 
similar to GP|13508446|gb|AAK27308.1||AY014283 
NYD-SP6 
TC111843 
homologue to UP|Q86TV8 (Q86TV8) Full-length 
cDNA clone CS0DI031YK16 of Placenta of Homo 
sapiens 
TC124348 homologue to UP|Q80TK5 (Q80TK5) MKIAA1092 protein (Fragment) 
TC108489 
homologue to UP|Q86TV8 (Q86TV8) full-length 
cDNA clone CS0DI031YK16 of Placenta of Homo 
sapiens 
TC105761 weakly similar to UP|Q7QFU5 (Q7QFU5) AgCP13750 (Fragment) 
TC108489 
homologue to 
GP|8920230|emb|CAB96370.1||AJ277587 Spir-1 
protein 
TC118413 homologue to (Q73J62) Hypothetical protein 
TC119313 homologue to (Q82LN2) putative SNF2/RAD54 family helicase TC112699 
similar to GP|13990957|dbj|BAB47242.1||AB050902 
CREB/ATF family transcription factor 
TC117930 homologue to UP|Z324_HUMAN (O75467) Zinc finger protein 324 (Zinc finger protein ZF5128) TC118652 
homologue to SP|Q14692|BMS1_HUMAN 
Ribosome biogenesis protein BMS1 homolog 
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TC116225 
homologue to UP|Q8NBL1 (Q8NBL1) Homo 
sapiens cDNA PSEC0136 fis, clone PLACE1004904 
(Myelodysplastic syndromes relative) (X 010 
protein) (MDS010) 
TC122936 GP|4092846|dbj|BAA73535.1||AB019987 chromosome-associated polypeptide-C 
TC109014 similar to GP|24474444|gb|AAN11306.1||AY137776 DNA strand-exchange protein SEP1 TC119696 
similar to SP|Q13444|AD15_HUMAN ADAM 15 
precursor(A disintegrin and metalloproteinase 
domain 15) (Metalloproteinase-like, disintegrin-like, 
and cysteine- rich protein 15) (MDC-15) 
(Metalloprotease RGD disintegrin protein) 
TC112914 similar to (Q9GMU9) Hypothetical protein TC112048 homologue to (Q9N012) Hypothetical protein 
TC109058 homologue to SP|O88322|NID2_MOUSE Nidogen-2 precursor (NID-2) (Entactin-2) TC107994 
homologue to SP|O08618|KPRB_RAT 
phosphoribosyl pyrophosphate synthetase-associated 
protein 2 (PRPP synthetase-associated protein 2) (41 
kDa phosphoribosypyrophosphate synthetase-
associated protein) (PAP41) 
TC121121 
similar to (Q8C9N2) Mus musculus 3 days neonate 
thymus cDNA RIKEN full-length enriched library 
clone 
TC113577 
weakly similar to UP|LAMP_HUMAN (Q13449) 
limbic system-associated membrane protein 
precursor (LSAMP) 
TC105486 GP|27544446|dbj|BAC54961.1||AB090163 receptor activity-modifying protein 1 TC105129 
homologue to GP|3811113|gb|AAC69439.1||U90449 
inhibitor of p53-induced apoptosis-alpha 
TC121039 similar to GP|13277669|gb|AAH03741.1||BC003741 Hdgfrp2 protein TC109844 
(Q7VJD9) para-aminobenzoate synthase glutamine 
amidotransferase component I (EC 4.1.3.-) 
TC113519 similar to UP|Q9NFW0 (Q9NFW0) homeoprotein TC108064 
arabidopsis thaliana ribulose-1,5-bisphosphate 
carboxylase/oxygenase large subunit (rbcL) gene, 
chloroplast gene encoding chloroplast protein 
TC114531 
homologue to UP|PA6A_HUMAN (Q9NPB6) 
Partitioning defective-6 homolog alpha (PAR-6 
alpha) (PAR-6A) (PAR-6) (PAR6C) (Tax interaction 
protein 40) (TIP-40) 
TC118649 similar to UP|ICP0_HHV2H (P28284) Trans-acting transcriptional protein ICP0 (VMW118 protein) 
TC119750 similar to GP|28972359|dbj|BAC65633.1||AK122351 mKIAA0708 protein TC125119 
weakly similar to (Q9H6D3) Homo sapiens cDNA: 
FLJ22371 fis clone HRC06680 (Hypothetical 
protein) 
TC113747 homologue to (Q96XC4) Hypothetical protein ST2590 TC106947 
weakly similar to UP|RR44_HUMAN (Q9Y2L1) 
Exosome complex exonuclease RRP44 (Ribosomal 
RNA processing protein 44) (DIS3 protein homolog) 
TC127450 homologue to UP|Q71RE7 (Q71RE7) FP977 TC103224 GB|AAH11346.1|15030181|BC011346 Map4k6-pending protein  
BE232384 homologue to PRF|1503232A.0|226256|1503232A TC106143 SP|Q14289|FAK2_HUMAN protein tyrosine kinase 
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peptidyl-Pro cis trans isomerase 2 beta(Focal adhesion kinase 2) (FADK 2) (Proline-
rich tyrosine kinase 2) (Cell adhesion kinase beta) 
(CAK beta) (Calcium-dependent tyrosine kinase) 
(CADTK) (Related adhesion focal tyrosine kinase) 
TC106733 similar to GB|AAH11047.1|15029673|BC011047 growth arrest-specific 2 like 1, isoform a TC110636 
homologue to 
GP|18034072|gb|AAL57345.1|AF403026_1|AF4030
26 SPRY domain-containing SOCS box protein 
SSB-1  
TC117692 homologue to EGAD|3345|3322 tuberin TC126849 homologue to UP|Q9V5V8 (Q9V5V8) CG13214-PA 
TC124580 similar to (Q6Z357) Hypothetical protein P0557D09.20 TC107512 
similar to SP|Q15526|SUR1_HUMAN Surfeit locus 
protein 1 
TC103233 homologue to UP|Q7NTQ8 (Q7NTQ8) Flagellum-specific ATP synthase TC109822 
homologue to SP|P25685|DJB1_HUMAN DnaJ 
homolog subfamily B member 1 (Heat shock 40 kDa 
protein 1) (Heat shock protein 40) (HSP40) (DnaJ 
protein homolog 1) (HDJ-1) 
TC105204 ATPase histidine kinase- DNA gyrase B- and HSP90-like domain protein TC114802 
homologue to 
GP|25987167|gb|AAN75756.1|AF362071_1|AF3620
71 short-chain dehydrogenase/reductase RETSDR8  
TC114340 similar to UP|Q36364 (Q36364) Dehydrogenase-reductase 4L TC121334 
Arabidopsis thaliana papain-type cysteine 
endopeptidase XCP2 
TC104866 GP|27692297|gb|AAH05580.2||BC005580 polymerase  II (DNA directed) polypeptide G TC104765 
homologue to SP|Q95JC7|AAAT_BOVIN Neutral 
amino acid transporter B (ATB(0)) (Sodium-
dependent neutral amino acid transporter type 2) 
TC108621 
homologue to 
GP|12655091|gb|AAH01396.1|AAH01396|BC00139
6 AD-003 protein 
TC109696 
similar to 
GP|19548926|gb|AAL90859.1|AF484416_1|AF4844
16 rhysin 2  
TC109242 homologue to UP|ATY1_HUMAN (Q9NQ11) Probable cation-transporting ATPase 1 TC123212 
homologue to 
GP|15824687|gb|AAL09441.1|AF309564_1|AF3095
64 Rho GTPase RHOI  
TC116986 
UP|GLHA_PIG (P01219) Glycoprotein hormones 
alpha chain precursor (Follitropin alpha chain) 
(Follicle-stimulating hormone alpha chain) (FSH-
alpha) (Lutropin alpha chain) (Luteinizing hormone 
alpha chain) (LSH-alpha) (Thyrotropin alpha chain) 
TC109038 GP|1871170|gb|AAB48981.1||U78181 sodium channel 2  
TC110717 SP|P18871|A2AA_PIG Alpha-2A adrenergic receptor (Alpha-2A adrenoceptor) (Alpha-2AAR) TC105347 
homologue to SP|O14497|SMF1_HUMAN 
SWI/SNF-related, matrix-associated, actin-
dependent regulator of chromatin subfamily F 
member 1 
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TC117247 similar to SP|Q16612|NP31_HUMAN Neuronal protein 3.1 (p311 protein) TC123384 
homologue to SP|Q12967|GNDS_HUMAN Ral 
guanine nucleotide dissociation stimulator (RalGEF) 
(RalGDS) 
TC104820 
homologue to SP|Q11206|SI4C_HUMAN CMP-N-
acetylneuraminate-beta-galactosamide-alpha-2,3-
sialyltransferase(Beta-galactoside alpha-2,3-
sialyltransferase) (Alpha 2,3-sialyltransferase IV) 
(Alpha 2,3-ST) (Gal-NAc6S) (STZ) (SIAT4-C) 
(ST3Gal III) 
TC103641 
homologue to SP|P23677|IP3K_HUMAN Inositol-
trisphosphate 3-kinase A(Inositol 1,4,5- 
trisphosphate 3-kinase) (IP3K) (IP3 3-kinase) 
TC116405 
homologue to SP|O19005|CLD4_CERAE Claudin-4 
(Clostridium perfringens enterotoxin receptor) (CPE- 
receptor) (CPE-R) 
TC105359 
similar to UP|LMP1_BOVIN (Q05204) Chromaffin 
granule-associated membrane glycoprotein IIA 
precursor (Fragment) 
TC105156 SP|P06749|RHOA_HUMAN Transforming protein RhoA (H12) TC121025 
homologue to UP|CHD7_HUMAN (Q9P2D1) 
Chromodomain-helicase-DNA-binding protein 7 
(CHD-7) 
TC103434 
UP|A1M1_HUMAN (Q9BXS5) Adaptor-related 
protein complex 1, mu 1 subunit (Mu-adaptin 1) 
(Adaptor protein complex AP-1 mu-1 subunit) 
(Golgi adaptor HA1/AP1 adaptin mu-1 subunit) 
(Clathrin assembly protein assembly protein complex 
1 medium chain 1) 
TC109632 homologue to (Q8IRM7) CG32697-PC 
TC116730 GP|3201964|gb|AAC68599.1||AF068007 cell cycle-regulated factor p78 TC126809 
homologue to 
GB|AAQ88566.1|37181510|AY358199 CDH24  
TC104842 homologue to (Q7L538) Hypothetical protein FLJ10569 TC122821 homologue to (Q8LFN4) Transfactor-like protein 
TC116796 homologue to UP|Q99LC1 (Q99LC1) CUE domain containing 2 TC118689 
weakly similar to PIR|S27870|S27870 house-keeping 
protein  
TC106082 similar to UP|Q6P4F0 (Q6P4F0) Methyltransferase COQ3 TC103638 
homologue to SP|Q92685|ALG3_HUMAN 
Dolichyl-P-Man:ManGlcNAc-PP-dolichyl 
mannosyltransferase(Dol-P-Man dependent alpha(1-
3)-mannosyltransferase) (Not56-like protein) 
TC104911 homologue to UP|Q6Y0X5 (Q6Y0X5) Phenol sulfotransferase TC105903 
similar to 
GP|21321784|gb|AAM47307.1|AF377946_9|AF3779
46 3,4-dihydroxy-2-butanone kinase {Oryza sativa 
(japonica cultivar-group)} 
TC105613 similar to UP|Q6PBY9 (Q6PBY9) Zgc:73185 protein TC116425 
PIR|S18294|EFHU2 translation elongation factor 
eEF-2 - human, 
TC108534 similar to UP|RM18_MOUSE (Q9CQL5) 39s TC110607 similar to GP|18043156|gb|AAH19781.1||BC019781 
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ribosomal protein L18, mitochondrial precursor 
(L18mt) (MRP-L18) 
BCS1-like (yeast)  
TC119820 
homologue to UP|Q9D287 (Q9D287) Mus musculus 
adult male olfactory brain cDNA, RIKEN full-length 
enriched library, clone:6430539P16 product:breast 
carcinoma amplified sequence 2, full insert sequence 
(Breast carcinoma amplified sequence 2) 
TC117198 similar to GP|2627231|dbj|BAA23587.1||AB008852 NDP52 
TC106174 similar to UP|Q69566_9BETA (Q69566) U88 TC111730 similar to GP|8493519|gb|AAB35286.2||S79410 nuclear localization signal binding protein 
TC107419 tentative Ortholog Group 1157753 (general group) TC120809 homologue to PIR|A31642|A31642 villin  
TC125035 similar to Polr1a protein TC105145 similar to GP|12082132|dbj|BAB20775.1||AB042200 low-density lipoprotein receptor-related protein 9 
TC112251 similar to (Q26DF4) Gamma-carotene desaturase TC110930 
homologue to 
GP|3132831|gb|AAC16449.1||AF063657 vascular 
endothelial growth factor receptor {Homo sapiens} 
TC112867 350 porcine spleen cDNA library TC117872 homologue to UP|O00302 (O00302) ERPROT 213-21 
TC108064 similar to UP|Q6NUN5_HUMAN (Q6NUN5) ABCD3 TC105093 
homologue to GP|2072503|gb|AAC51325.1||U96114 
WWP2 {Homo sapiens} 
TC121334 
UP|MPPD2_HUMAN (Q15777) 
metallophosphoesterase domain-containing protein 2 
(Fetal brain protein 239) (239FB) 
TC103495 
homologue to 
GP|13649965|gb|AAK37525.1||AF340231 cell 
growth regulator Falkor  
TC110480 similar to (Q4RJI1) Chromosome 3 SCAF15037 whole genome shotgunsequence. (Fragment) TC124464 302039 MARC 1PIG Sus scrofa cDNA 5' 
TC120682 similar to (Q3QY05) Outer membrane autotransporter barrel TC125228 
weakly similar to similar to LINE-1 reverse 
transcriptase homolog 
TC121346 similar to (Q4XIQ1) Hypothetical protein (Fragment) TC122785 (Q2M082) GA16706-PA (Fragment) 
TC109272 similar to (Q6PFG2) Transducin-like enhancer protein 1 TC124376 similar to UP|Q4FZ66_GASAC (Q4FZ66) RTN3-A 
TC103492 homologue to (Q4NC93) Carbohydrate kinase PfkB TC125596 MI-P-O3-aba-e-01-1-UM 3' 
TC107806 similar to (Q5GSD3) Adenylosuccinate lyase TC109859 235079 MARC 2PIG Sus scrofa cDNA 5' 
TC115596 similar to KIAA0494 protein TC115924 130862 MARC 1PIG Sus scrofa cDNA 5' 
TC120802 similar to similar to OTTHUMP00000039401 TC127885 homologue to (Q2AFU2) Hypothetical protein 
TC124446 
homologue to UP|Q9XPE7_EUMEG (Q9XPE7) 
NADH-ubiquinone oxidoreductase chain 3 (NADH 
dehydrogenase subunit 3) 
TC111641 AJ661125 CSEQRAN09 Sus scrofa cDNA clone C0000935_M10 
TC110199 homologue to UP|CLAP2_HUMAN (O75122) TC106824 similar to (Q5KAR5) Hypothetical protein 
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CLIP-associating protein 2 (Cytoplasmic linker-
associated protein 2) 
TC127619 (Q32X71) Putative Fe-S oxidoreductase TC123898 similar to UP|Q9P6P8_SCHPO (Q9P6P8) SPAC644.13c protein 
TC123615 similar to (Q2VYM9) Kinesin-like protein K39   
               1 All genes were significantly (P < 0.01) differentially expressed. 
 
 
        Table 4 Genes with differential expression based on dietary P treatment 1 
TIGR # TIGR Tentative Annotation RP vs -P RP vs +P +P vs -P P value 
(treatment effect) 
TC109090 recombination activating protein 2 0.6590* 0.6129* 0.04608 0.0062 
TC114125 Tec protein tyrosine kinase  -0.7571* -0.3378 -0.4193 0.0053 
TC121360 homologue to UP|Q6PI66 (Q6PI66) Syne2 
protein (Fragment), partial  
    0.1702 0.3441* -0.1739 
 
0.0086 
TC104048 ribosomal protein L28 0.02376    0.05257*  -0.02881 0.0051 
TC104943 hydroxymethylglutaryl-CoA lyase (HMG-CoA 
lyase) 
-0.02188 0.07591* 
 
-0.09779* 0.0088 
TC104334 transaldolase 0.04836* 0.07780* -0.02943 0.0033 
TC112117 Valyl-tRNA synthetase (Fragment), partial  -0.09066* -0.03898 -0.05168* 0.0025 
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TC106947 weakly similar to UP|RR44_HUMAN 
(Q9Y2L1) Exosome complex exonuclease 
RRP44, partial (8%) 
-0.1160* 
 
0.01554 
 
-0.1316* 
 
0.0082 
TC109822 homologue to SP|P25685|DJB1_HUMAN DnaJ 
homolog subfamily B member 1 (Heat shock 40 
kDa protein 1), {Homo sapiens}, partial (65%) 
0.2088* 
 
0.1371* 
 
0.07166 
 
0.0084 
TC119982 homologue to SP|Q61457|CGE1_MOUSE 
G1/S-specific cyclin E1, {Mus musculus}, 
partial (29%) 
0.1826 
 
0.4767* 
 
-0.2941 
 
0.0097 
TC122417 BMKETTIN, partial  -0.2619 -1.0929* 0.8310* 0.0049 
TC127768 similar to SP|P58468|CU70_MOUSE Protein 
C21orf70 homolog, {Mus musculus}, partial 
(29%) 
-0.7068* 
 
-0.9638* 
 
0.2569 
 
0.0052 
BE030971 homologue to (Q8C3D2) Mus musculus 15 days 
embryo head cDNA RIKEN full-length enriched 
library clone:, partial (12%) 
0.5818 
 
-1.0916* 
 
0.5098 
 
0.0072 
               1All genes were significantly (P < 0.01) differentially expressed.  Values are differences of least square means of normalized signal 
          intesities.   
         * are differences that are significant (P < 0.01). 
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         Table 5 Genes with differential expression based on the interaction between dietary P and genetic background 1 
TIGR # TIGR Tentative Annotation RP vs -P RP vs +P +P vs -P 
P value (dietary P* 
genetic background) 
TC105230  
 
DNA topoisomerase II, alpha isozyme  PIC280: 
PIC337: 
PIC280: < 
PIC337: > 
PIC280: 
PIC337: < 
0.0074 
TC109090 recombination activating protein 2  PIC280: 
PIC337: > 
PIC280: 
PIC337: > 
PIC280: 
PIC337: 
0.0053 
TC113980 transcription factor Oct-1                                          PIC280: 
PIC337: > 
PIC280: 
PIC337: > 
PIC280: 
PIC337: 
0.0084 
NP300692 DNA topoisomerase II beta PIC280: 
PIC337: 
PIC280: < 
PIC337: > 
PIC280: 
PIC337: 
0.0010 
TC117039 splicing factor 3B subunit 10   PIC280: 
PIC337: < 
PIC280: 
PIC337: < 
PIC280: 
PIC337: < 
0.0051 
TC112699 similar to GP|13990957|dbj|BAB47242.1||AB050902 
CREB/ATF family transcription factor {Homo 
sapiens}, partial (40%) 
PIC280: 
 
PIC337: 
PIC280: 
 
PIC337: 
PIC280: > 
 
PIC337: < 
0.0081 
TC122936 GP|4092846|dbj|BAA73535.1||AB019987 
chromosome-associated polypeptide-C {Homo 
sapiens}, partial (8%) 
PIC280: 
PIC337: > 
PIC280: 
PIC337: 
PIC280: 
PIC337: > 
0.0091 
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TC110388  Ras-like family 11 member A, PIC280: 
 
PIC337: < 
PIC280: 
 
PIC337: > 
PIC280: > 
 
PIC337: < 
0.0001 
TC119820 Mus musculus adult male olfactory brain cDNA, 
RIKEN full-length enriched library, clone: 
6430539P16 product:breast carcinoma amplified 
sequence 2 
PIC280: 
PIC337: 
PIC280: 
PIC337: > 
PIC280: 
PIC337: < 
0.0059 
TC120285 brain-derived neurotrophic factor precursor PIC280: 
PIC337: 
PIC280: < 
PIC337: > 
PIC280: 
PIC337: 
0.0027 
TC124348 homologue to UP|Q80TK5 (Q80TK5) MKIAA1092 
protein (Fragment), partial (39%) 
PIC280: 
PIC337: 
PIC280: < 
PIC337: > 
PIC280: 
PIC337: 
0.0068 
TC104102 ribosomal protein S4 PIC280: 
PIC337: 
PIC280: 
PIC337: > 
PIC280: 
PIC337: < 
0.0072 
TC114199 matrix metalloproteinase-20 precursor (Enamel 
metalloproteinase) 
PIC280: 
PIC337: > 
PIC280: 
PIC337: > 
PIC280: 
PIC337: 
0.0101 
TC124086 sodium/hydrogen exchanger 1 PIC280: 
PIC337: 
PIC280: > 
PIC337: 
PIC280: < 
PIC337: > 
0.0009 
TC104074 catechol O-methyltransferase, membrane-bound form 
[Contains: Catechol O-methyltransferase,  
PIC280: 
PIC337: > 
PIC280: 
PIC337: 
PIC280: 
PIC337: 
0.0093 
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TC122130 similar toGP|13508446|gb|AAK27308.1||AY014283 
NYD-SP6 {Homo sapiens}, partial (24%) 
PIC280: 
PIC337: 
PIC280: 
PIC337: < 
PIC280: 
PIC337: > 
0.0039 
NP276965 PoIFN-alpha II-3 protein precursor PIC280: 
PIC337: 
PIC280: 
PIC337: < 
PIC280: < 
PIC337: 
0.0038 
TC105761 weakly similar to UP|Q7QFU5 (Q7QFU5) 
AgCP13750 (Fragment), partial (14%) 
PIC280: 
PIC337: 
PIC280: 
PIC337: > 
PIC280: 
PIC337: 
0.0075 
TC118413 homologue to (Q73J62) Hypothetical protein, partial  PIC280: 
PIC337: 
PIC280: 
PIC337: 
PIC280: 
PIC337: < 
0.0079 
TC118652 homologue to SP|Q14692|BMS1_HUMAN Ribosome 
biogenesis protein BMS1 homolog,{Homo sapiens}, 
partial (27%) 
PIC280: 
PIC337: 
PIC280: < 
PIC337: 
PIC280: > 
PIC337: 
0.0091 
                1All genes were significantly (P < 0.01) differentially expressed.  Differences with < or > are significantly different (P < 0.05). 
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Figure legends 
Figure 1 Depiction of microarray experiment designed as loop design with dye balance. 
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Figure 2.  Normalized gene expression levels of hydroxymethylglutaryl-CoA lyase (HMG-
CoA lyase).  Values presented are means and standard errors of six individually housed pigs. 
Columns within a sire line not sharing a common superscript are significantly different (P < 
0.05).  An asterisk indicates a significant difference between sire lines (P < 0.05). 
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Figure 3.  Normalized gene expression levels of sodium/hydrogen exchanger 1 (NHE-1). 
Values presented are means and standard errors of six individually housed pigs.  Columns 
within a sire line not sharing a common superscript are significantly different (P < 0.05).  An 
asterisk indicates a significant difference between sire lines (P < 0.05). 
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Figure 4.  Normalized gene expression levels of Tec protein tyrosine kinase.  Values 
presented are means and standard errors of six individually housed pigs.  Columns within a 
sire line not sharing a common superscript are significantly different (P < 0.05). 
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Figure 5.  Normalized gene expression levels of transaldolase.  Values presented are means 
and standard errors of six individually housed pigs.  An asterisk indicates a significant 
difference between sire lines (P < 0.1). 
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CHAPTER 3. CARCASS CHARACTERISTICS, MEAT 
QUALITY AND GENE EXPRESSION IN MUSCLE IS 
AFFECTED BY DIETARY PHOSPHATE AND GENETIC 
BACKGROUND IN PIGS 
 
ABSTRACT: Dietary phosphate (P) is essential for growth; however, environmental 
concerns have led to attempts to reduce P concentrations in pig diets.  The objective of this 
study was to determine the effects of genetics, dietary P and their interaction on carcass 
traits, meat quality and gene expression in porcine muscle.  Gilts (n = 96, 3 wk old), sired by 
2 sire lines (PIC337 and PIC280), were fed either a P adequate (PA) or a 20% P deficient 
(PD) diet for 14 wk.  At trial end, carcass traits, meat quality and gene expression in muscle 
were determined.  Pigs fed PD had lower (p < 0.05) live weight, hot carcass weight (HCW), 
fat-free lean percentage (FFL) and loin marbling and tended to have higher (p < 0.12) depth 
of rib fat than PA fed pigs.  Pigs fed PD tended to have lower expression of IGFBP2 (p < 
0.1) than did PA fed pigs.  PIC337 sired pigs had higher (p < 0.05) HCW and loin muscle 
area and tended to have higher (p < 0.07) FFL and lower total glucose in loin muscle than 
their PIC280 sired counterparts.  PIC337-sired pigs had higher levels (p < 0.1) of glycogenin 
glucosyltransferase, succinate dehydrogenase Fe/S protein, lactate dehydrogenase and 
IGFBP2 mRNA, but less (p < 0.1) oxytocin receptor mRNA than PIC280 sired pigs.  Our 
data demonstrate that P and genetics impact carcass characteristics, meat quality and gene 
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expression in muscle.  These data may lead to strategies to increase the efficiency of growth 
in pigs in a more environmentally friendly manner. 
KEY WORDS: Phosphorus, Genetic background, Carcass, Meat, Gene expression 
 
Introduction 
 
Dietary phosphate (P) is essential for the proper growth and maintenance of bone 
tissue.  In addition to its role in skeletal growth and maintenance, dietary P is also essential 
for soft tissue growth.  Diets for swine often contain excessive P, due to the low 
bioavailability of P from typical plant feedstuffs as well as its essentiality to maximize 
animal growth performance (O'Quinn et al., 1997).  This overfortification results in increased 
P excretion, which can be an environmental pollutant (O'Quinn et al., 1997).  Increasing 
governmental regulation and other costs associated with the over supplementation of 
inorganic P has spurned research to more accurately define P requirements and reduce P 
excretion by pigs (Knowlton et al., 2004).  A considerable amount of research has examined 
methods to improve the bioavailability of P from plant sources (Haefner et al., 2005; Lei et 
al., 1993; Radcliffe et al., 1998; Stahl et al., 2004), as well as to more accurately define the P 
requirement for pigs (Carter and Cromwell, 1998; Hastad et al., 2004; Traylor et al., 2005).  
Most of these studies primarily examined the impact of dietary P on bone; however, some 
work has investigated the effects of lower P intake on meat quality (O'Quinn et al., 1997; 
Weeden et al., 1993a).  Muscle tissue, which is the second largest P pool in the animal, has 
received dramatically less attention than boney tissue for its response to dietary P.   
 
 
 
70
Despite the amount of research that has been conducted with the goal of reducing P 
excretion by pigs, little has examined how interactions between genetic background and 
dietary P level affect animal health and performance.  Previous work in our laboratory has 
demonstrated differences in growth, bone strength and gene expression in bone marrow of 
young pigs in response to the interaction of genetic background and dietary P (Hittmeier et 
al., 2006).  However, this study only examined the effect of a short term, severe P deficiency.  
Subsequent work by Alexander et al. (In preparation), demonstrated that a relatively minor P 
deficiency over the entire growing period effected growth performance and bone integrity 
based on the genetic background of the pigs.   
The objective of this study was to determine the effects of genetic background, minor 
dietary P deficiency, and their interaction on carcass characteristics, meat quality, and gene 
expression in muscle tissue of pigs.   
 
Materials and methods 
 
Animals and dietary treatments 
All animal protocols were approved by the Institutional Animal Care and Use 
Committee of Iowa State University and are described in detail by Alexander et al. (In 
preparation).  Briefly, a total of 96 gilts (3 wk ± 1 d of age) were utilized in two replicates of 
the study.  These pigs were obtained by crossing two sire lines (PIC337 and PIC280, Pig 
Improvement Company (PIC), Franklin, KY) with a common sow line (Cambro 22, PIC).  
The gilts were housed individually in 0.5 m2 pens under controlled environmental conditions 
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(74-78 °C and 14 h of light/d).  All piglets were given ad libitum access to a basal diet, which 
met or exceeded their nutrient requirements (NRC, 1998) for 1 wk prior to the start of the 
trial to allow them to acclimate to their new environment.  At the start of the study, all pigs 
were weighed and allotted on the basis of litter and body weight to either the P adequate (+P) 
or P deficient (-P) treatment group (Table 1).  A total of 5 pigs were removed from the study 
because of illness unrelated to genetic background or dietary treatment.  Treatment diets were 
reformulated four times over the course of the study to reflect the changing nutrient 
requirements of the growing pigs.   
 
Tissue collection  
After approximately 14 weeks on trial, pigs were slaughtered at the Meat Laboratory 
of Iowa State University under the supervision of USDA inspectors.  Pigs were electrically 
stunned using a head-only electric stun tong apparatus (BTR 100 AVS, Freund 
Maschinenfabrik Gmbh. & Co. KG, Paderborn, Germany), subsequently exsanguinated, 
scalded/mechanically dehaired in a scald/dehairing tank (Oscar Baumann Gmbh Co. type 
BM 20, Pioneer Food Equipment, Pennsgrove, NJ), eviscerated and weighed.  After 
evisceration, longissimus dorsi muscle samples between the 12th and 13th ribs were 
immediately collected from the left side of the carcass and snap frozen in liquid nitrogen.  
Muscle samples were transported on dry ice and stored at –80 °C until RNA extraction.  The 
carcasses were then placed in an air-chilling system at 4 °C for 24 h.  After chilled, two loin 
chops from the left side of carcass were collected for carcass traits, meat quality and 
glycolytic potential analyses. 
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Carcass characteristics 
Carcasses were weighed at slaughter (hot carcass weight) to determine dressing 
percentage (hot carcass weight/live weight).  The thickness of 10th rib back fat (cm) and loin 
muscle area (cm2) were directly measured.  The pH of carcass was measured after 24 h 
chilling using a pH meter (WTW PH196-S, WTW, Weilheim, Germany) equipped with a 
WTW Eb4 electrode.  The pH probe was inserted into the loin at the 13th rib from the left 
side of carcass.  
 
Meat Quality 
After the carcasses were chilled for 24 h at 4 °C, 5 cm thick loin chops were obtained 
from the left side of the carcasses.  Marbling, color, firmness and wetness were measured by 
experienced researchers.  Furthermore, the loin chop was sliced into two 1.5cm thick loin 
chops to determine the Minolta color score and drip loss.  Following a 10min bloom period, 
L* (higher value indicates a lighter color), a* (higher value indicates a redder color), and b* 
(higher value indicates a more yellow color) values for the loin muscle were measured using 
a Minolta Chroma Meter (CR-300, Minolta, Dietikon, Switzerland) and illuminant D65.  
Three replicate measurements were performed on each muscle sample, resulting in 6 
measurements per muscle.  Drip loss was determined as the amount of purge resulting during 
the storage of the chops for 24 h at 4°C.   
 
Glycolytic potential analyses 
After meat quality measurements, loin muscle chops were stored at –20 °C until 
utilized for glycolytic potential analyses.  Total micromolar glucosyl units (glucose, glucose-
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6-P, and glucose from glycogen) were determined with the modified protocol of Monin and 
Sellier (Monin and Sellier, 1985).  Briefly, 0.5 g loin muscle sample was homogenized in 2.5 
ml ice-cold 0.6 N perchloric acid, and 200 μl homogenate of each sample was transferred 
into a clean tube.  To this sample, 100 μl of 1 M potassium carbonate and 2.0 ml 
amyloglucosidase were added, and the samples were then incubated in a shaking water bath 
at 40 °C for 120 mins.  The reaction was stopped by the addition of 1 ml of perchloric acid 
and the samples were then clarified by centrifugation (1500 × g, 4 °C, 15 min).  0.1% methyl 
orange was added to the clarified samples then neutralized with solid KHCO3.  Duplicate 
samples (10 μl) were used to determine total micromolar glucosyl units using the glucose 
assay kit (Sigma-Aldrich, USA) with modifications.  For lactate concentration determination, 
0.25 g of loin sample was homogenized in 5 ml ice-cold 1 × PBS (140 mM NaCl, 1 mM 
KH2PO4, 3 mM KCl, 8 mM Na2HPO4, PH7.4) and clarified by centrifugation (14,000 × g) 
for 10 min at 4 °C.  The supernatant was analyzed using lactate assay kit (Biomedical 
Research Service Center, University at Buffalo, Buffalo, New York) according to the 
manufacturer’s instructions.  Glycolytic potential unit (μmole/g loin muscle) was calculated 
as 2([glycogen] + [glucose] + [glucose-6-P]) + [lactate]. 
 
RNA extraction and semi-quantitative real-time PCR 
Total RNA was isolated from fresh frozen muscle samples using RNeasy Midi Kit 
(Qiagen, Valencia, CA) according to manufacturer’s instructions.  To remove any DNA 
contamination, RNA samples were treated with DNA-free kit (Ambion, Austin, TX) according 
to manufacturer’s instructions.  Quantification of RNA samples was obtained by 
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spectrophotometer at 260nm and quality of the samples was assessed on 0.1% agarose gels.  
All RNA samples were stored at -80°C until further use.  
In order to investigate the gene expression, semi-quantitative real-time PCR was 
performed using the MyiQ Single Color Real-Time PCR Detection System (Bio-Rad 
Laboratories, Hercules, CA).  Primer oligonucleotides for the genes encoding 60S ribosomal 
protein (RPL35), glycogenin glucosyltransferase, succinate dehydrogenase iron-sulfur 
protein, lactate dehydrogenase (LDH), pyruvated dehydrogenase E1, insulin-like growth 
factor binding protein 2 (IGFBP2) and oxytocin receptor (OXTR) were designed using 
PrimerQuest software (Table 2) from Integrated DNA Technologies, Inc (Coralville, IA) 
based on the cDNA sequences from Tigr web site (http://www.tigr.org) or PubMed 
(www.pubmed.gov).  RNA samples were reverse transcribed using random primers with 
SuperScript™ II Reverse Transcriptase (Invitrogen Life Technologies, Carlsbad, CA) 
according to the manufacturer’s instructions.  The synthesized cDNA was incubated for 20 
min at 37 °C with E. coli RNase H (Invitrogen Life Technologies) and stored at –80 °C until 
analysis by real-time PCR.  Real-time PCR reactions were performed using 12.5 μl of SYBR 
Green Supermix (Bio-Rad, Hercules, CA), 50 – 900 nM of each primer, and 100 ng of cDNA 
in a final volume of 25 μl.  Prior to quantification by real-time PCR, optimal primer 
concentrations for each primer set were determined, and verified that they produced their 
intended amplicons at a rate similar to that of the control primers, which amplify a portion of 
60S ribosome.  Expression of the cDNA for the control gene was verified not affected by 
treatment or genetic background.  All amplified products were sequenced to confirm their 
identities.    
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Statistical analysis 
For the analysis of the real-time PCR data, a normalized expression level for each 
gene was obtained using the 2-ΔCT method of Livak and Schmittgen (Livak and Schmittgen, 
2001).  The normalized gene expression levels were then analyzed using the PROC MIXED 
procedure of SAS (SAS Institutes, Inc., Cary, NC) with sire line, diet and their interaction 
considered as fixed effects.  The effect of litter within sire line was fit as a random effect in 
the model.  For carcass characteristics and meat quality, final body weight was utilized as a 
covariate.   
 
Results 
Carcass characteristics 
Dietary P treatment significantly affected live weight, hot carcass weight and carcass 
fat-free lean percentage (P<0.05) (Table 3).  Pigs fed P adequate diet exhibited significantly 
higher live weight, hot carcass weight and carcass fat-free lean compared to those pigs that 
received the P deficient diet.  A trend for a dietary treatment effect on loin muscle area 
(P<0.1) was seen with P adequate pigs tending to have bigger loin muscle area than P 
deficient pigs.  
Additionally, genetic background significantly affected loin muscle area and hot 
carcass weight (P<0.05), and tended to affect dressing percent (P<0.1) (Table 3).  However, 
10th-rib back fat, live weight and carcass fat-free lean were not affected by the genetic 
background of the animals.  Regardless of dietary treatment, PIC337 sired pigs had higher 
loin muscle area, hot carcass fat-free lean and dressing percent than PIC280 sired pigs. 
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No dietary treatment × genetic background interaction was observed for any of the 
carcass characteristics response criteria measured.     
 
Meat quality 
Of the meat quality indices examined, there was only a trend toward a treatment 
effect on marbling score (P<0.1) (Table 4).  Pigs that received the P adequate diet tended to 
have higher marbling score than those that received the P deficient diet.  There was no 
genetic background effect observed for any meat quality measurement (Table 4).  A dietary 
treatment × genetic background interaction was seen to effect Minolta color score b* 
(P<0.05), but not the other color measurements (Table 4).  Among the PIC337 sired pigs, 
those fed the P adequate diet had significantly lower b* score compared with pigs fed the P 
deficient diet.  In addition, b* of PIC337 sired P adequate animals was also significantly 
lower than that of PIC280 sired P adequate animals.   
 
Glycolytic potential analyses 
There was no dietary P treatment effect observed for glycolytic potential (Table 5).  
Genetic background tended to have an effect on 24h-total glucose (P<0.1), but no effect on 
24h-lactate and glycolytic potential was seen.  Regardless of dietary P levels, PIC337 sired 
pigs had lower 24h-total glucose unit compared with PIC280 sired animals.  No dietary 
treatment × genetic background interaction was observed for 24h-lactate, 24h-total glucose 
and 24h-glycolytic potential (Table 5).   
 
 
 
 
77
Analysis of gene expression by real-time PCR 
The expression of insulin-like growth factor binding protein 2 (IGFBP2) tended to be 
affected by the dietary treatment (P<0.1) (Figure 1a).  For PIC337 animals, adequate group 
expressed significantly more mRNA of IGFBP2 than deficient group (P<0.05).  Additionally, 
overall pigs fed adequate diet had higher expression of IGFBP2 than pigs fed deficient diet.  
In addition, the expression of IGFBP2 was also significantly affected by the genetic 
background effect (P<0.02) (Figure 1b).  337 line pigs had greatly higher expression of 
IGFBP2 compared with those 280 line pigs.  It was noticed that genetic background also 
affected the expression of gene glycogenin glucosyltransferase (Figure 2), gene succinate 
dehydrogenase iron-sulfur protein (Figure 3), gene LDH (P<0.06) (Figure 4) and OXTR 
(P<0.07) (Figure 5).  Compared with 280 line pigs, 337 line pigs expressed more glycogenin 
glucosyltransferase (P<0.07), succinate dehydrogenase iron-sulfur protein (P<0.01), and 
LDH (P<0.06), but less expression of gene OXTR (P<0.07).  Gene expression of pyruvate 
dehydrogenase E1 slightly affected by dietary treatment by genetic background interaction 
(P<0.09) (Figure 6).  For 337 line pigs, adequate group animals expressed significantly more 
pyruvate dehydrogenaes E1 than deficient animals (P<0.05).  However, for 280 line pigs, no 
gene expression difference of pyruvate dehydrogenaes E1 was observed.  
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Discussion 
 
Carcass characteristics and meat quality 
As mentioned before, the two sire lines utilized in this current study were originally 
selected for different traits, such as growth performance (PIC337) and meat quality (PIC280).  
Therefore, we were not surprised to see that genetic background significantly affected 
carcass characteristics, such as loin muscle area, hot carcass weight and dressing percentage.  
These differences may be a result of the different genetic lean growth potentials of the two 
sire lines.  We also observed that dietary P treatment had significant effects on some carcass 
traits.  Previous researchers have claimed that dietary P levels below (Cromwell et al., 1970; 
Ketaren et al., 1993) or above (Cromwell et al., 1970; Stockland and Blaylock, 1973; 
Weeden et al., 1993b) requirement didn’t affect carcass yield or leanness.  However, our data 
clearly indicates that reducing daily P intakes decreased loin muscle area (P<0.06), hot 
carcass weight (P<0.02), carcass fat-free lean (P<0.04) and marbling (P<0.09).  Compared 
with those previous studies, we found even though no significant dietary P treatment effect 
reported in their works, the numerical trends of the measurements similar to our data were 
observed in those studies.  Most important support for our data can also be found in the 
literature.  Both Shelton et al. (2004) and Harper et al. (1997) demonstrated that pigs fed 
lower dietary P diets had a trend toward decreasing hot carcass weight and marbling score.  
The decrease in loin muscle area that we observed among P deficient pigs was also seen in 
O'Quinn et al. study (1997).  But there was no carcass 24h-pH difference between treatment 
groups or between sires lines.  This finding was confirmed by the glycolytic potential data, 
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no 24h-lactate unit difference observed.  Additionally, it was noticed that P treatment did not 
affect depth of back fat at the 10th-rib or dressing percentage.  A lack of effect of dietary P 
restriction on these traits has been seen previously (O'Quinn et al., 1997; Shelton et al., 
2004).  O'Quinn (1997) estimated the amount of digestible P needed to maximize 
performance and carcass merit of growing-finishing pigs and found no treatment effect for 
the different levels P diets on 10th-rib back fat and dressing percentage.  But they noticed pigs 
fed with lower P diet trendily had higher fat depth, a very similar tendency was also observed 
in our study.  Shelton (2004) also reported though lower P diet didn’t significantly affect 
10th-rib back fat, but deficient group had higher fat depth than control group.   
 
Gene expression 
Even though some research has investigated the effects of dietary P deficiency on the 
carcass characteristics and meat quality, few studies have examined the effects of diet 
manipulation on gene expression in skeletal muscle, especially in porcine muscle.  
Glycogenin glucosyltransferase (also called glycogenin), catalysis of the reaction: UDP-
glucose + glycogenin = UDP + glucosylglycogenin, is a self-glycosylating protein and the 
priming glucosyltransferase required for the initiation of glycogen biogenesis in skeletal 
muscle (Abram, 2006; Pitcher et al., 1988; Smythe and Cohen, 1991).  It has been reported 
there is one molecule of glycogenin per molecule of glycogen in skeletal muscle; therefore, 
glycogen storage is limited by the amount of glycogenin present in muscle (Waylan et al., 
2004).  Because no detectable reserves of glycogenin are found in skeletal muscle (Smythe et 
al., 1990), it is likely synthesized as needed by the muscle.  This suggests that the expression 
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of glycogenin might be an indicator of the potential for glycogen stores.  
            In previous study, Shearer (2005a; Shearer et al., 2005b) found there was an increase 
in glycogenin and glycogenin mRNA accompanying glycogen resynthesis in human skeletal 
muscle.  It was also noticed that dietary treatment has certain effect on the gene expression of 
glycogenin.  Supplementation of the flaxseed into finishing steers diets decreased gene 
expression of glycogenin compared without feeding flaxseed animals (Waylan et al., 2004).  
In this current study, we observed that the mRNA level of glycogenin was significantly 
affected by the genetic background of the pigs.  This finding may be because of the 
significant growth performance difference of the two genetic sire line pigs.  According to the 
growth performance data, PIC337 pigs had significantly higher ADG than those PIC280 pigs 
(P<0.05) through the whole study period.  More weight gain will result in more skeletal 
muscle formed.  Therefore more glycogen storage and more glycogenin will be needed for 
the muscle contraction.   
For the genes involved in the energy metabolism, except glycogenin, strong genetic 
background effect was also noted on the expression of succinate dehydrogenase iron-sulfur 
protein, LDH and pyruvate dehydrogenase subunit E1.  Succinate dehydrogenase (SDH) is a 
four subunits protein, known as complex II in electron transport.  Iron-sulfur center is the 
second subunit of SDH and called SDHB.  It has been widely know that skeletal muscle 
plays a key role in determining nutrient oxidation rates and SDH activity is used as a key 
marker of myofibre with oxidative capacity (Dauncey and Ingram, 1988; Katsumata et al., 
2000).  The relative proportions of mitochondria and respiratory enzymes in the muscle 
determine the metabolic properties of the muscle (Dauncey and Gilmour, 1996; Harrison et 
al., 1997).  In Dauncey’s study, respiratory enzyme activities were increased in animals on a 
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low compared with a high-energy intake (Dauncey and Ingram, 1988).  Katsumata and his 
colleagues also reported that the proportion of skeletal muscle fibers with high oxidative 
capacity was also greater in the low intake group (Katsumata et al., 2000).  However, their 
findings are not in agreement with our results.  In our study, the PIC337 line pigs had 
significantly higher feed intake and also higher gene expression of gene succinate 
dehydrogenase iron-sulfur protein than those PIC280 line pigs.  Compared their study with 
ours, we noticed in both Dauncey and White works, the animals were undernutrition (less 
food provided) to make them have low energy intake.  In order to get enough energy to 
maintain normal growth and development, low energy intake animals have to upregulate 
mitochondria and respiratory enzymes to increase the metabolism efficiency.  Therefore, it is 
reasonable to found higher SDH activity and expression in low feed animals.  However, both 
our P adequate and deficient treatments meet or exceed the energy requirement of the pigs’ 
normal growth and development.  Moreover, no feed intake difference was observed between 
two dietary treatment groups in our study.  Since the energy status acting as nutritional 
signals plays an important role in regulating animal growth and development, under this 
situation, pigs with more energy would exhibit better growth performance and more active 
metabolism enzymes.  Therefore, it is not surprised to see that PIC337 line pigs showed 
higher succinate dehydrogenase iron-sulfur protein level than PIC280 pigs.  
Lactate dehydrogenase (LDH) is responsible for converting muscle lactic acid into 
pyruvic acid, an essential step in producing cellular energy.  LDH activity was usually used 
as marker of anaerobic glycolytic metabolism in the muscle and catalyzes the interconversion 
of lactate and pyruvate critical for meeting rapid high-energy demands (Gondret et al., 2005; 
Lefaucheur et al., 2004; Washington et al., 2004).  Just like gene SDH, the expression of 
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LDH was reported to be affected by dietary nutrition availability, body energy intake and 
hormones (Lin et al., 1993; Nehar et al., 1998).  The significant differences of feed intake 
and average daily weight gain between the two genetic backgrounds indicate that the 
different metabolic efficiency and therefore different related enzyme activities between two 
sire lines.  Underlying this effect, it would not be a surprise to see that the genetic 
background had significant effect on the expression of LDH.    
Pyruvate dehydrogenase E1 is an enzyme in the pyruvate dehydrogenase complex.   
Pyruvate dehydrogenase complex is involved in pyruvate decarboxylation, a process linking 
the glycolysis and citric acid cycle portions of aerobic cellular respiration.  Different from 
other metabolism related genes we examined, the expression of pyruvate dehydrogenase E1 
was not affected by the genetic background of animals, but affected by the interaction of 
genetic background and dietary treatment.  Phosphorus adequate pigs from PIC337 line had 
significant higher expression of pyruvate dehydrogenase E1 than PIC337 deficient pigs.  For 
this finding, we don’t really understand the reasons yet.  It will need further study to examine 
related genes expression pattern to make a clearly explanation. 
Except the genes involved in the energy metabolism, significant expression difference 
of IGFBP2 was also noted.  Development of muscle is critically dependent on hormones, 
which in turn are regulated by nutritional availability.  Previous studies have demonstrated 
muscle growth hormone receptor expression was increased with a low food intake (Dauncey 
et al., 1994; Morovat and Dauncey, 1998).  Insulin-like growth factors are hormone 
implicated in muscle development and differentiation (Florini and Ewton, 1992), whose 
bioactivity is modulated by its high-affinity binding protein family.  Results suggested that 
IGFBP3, 4 and 6 are related to the mechanism regulating muscle mass in the rat (Matsumoto 
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et al., 2006).  In muscle, starvation led to a drop of the IGFBP2 mRNA level in rainbow trout 
(Gabillard et al., 2006).  Our data showed IGFBP2 expression was affected by both dietary P 
treatment and genetic background.  Those PIC337 pigs had much higher ADG than PIC280 
pigs indicated higher nutrition availability and more energy intake.  Higher ADG probably 
involved more muscle development and differentiation and indicated more presence of 
related hormones like IGF.  Mechanisms for this probably involve complex interactions 
between hormones acting as nutritional signals and differential effects on their cell 
membrane receptors or nuclear receptors.  It has been well known that hormones acting as 
nutritional signals play an important role in regulating muscle development.  So, we were not 
surprised to observe more expression of IGF receptor or its binding proteins, for example 
IGFBP2 in the PIC337 pigs.  Nutrition availability also can explain more IGFBP2 expressed 
in P adequate pigs than deficient pigs.  Since adequate pigs have significantly higher feed 
conversion efficiency, they had more energy available for muscle development and growth; 
therefore, it suggested more IGF or its binding proteins.   
Another hormone we examined was oxytocin receptor (OXTR).  The main 
physiological role of OXTR is regulating the contraction of uterine smooth muscle and the 
ejection of milk (Gimpl and Fahrenholz, 2001).  In our previous study, we noticed there was 
a trend of increased mRNA expression in the bone marrow of those P deficient pigs 
compared with adequate pigs (Hittmeier et al., 2006).  This trend was in agreement with our 
finding in this current study.  Additionally, we noted that PIC280 pigs had higher expression 
of OXTR than PIC337 pigs.  For this result, we are not ready to give explanation yet. 
In this study, we examined the effects of dietary P restriction and genetic background 
on the carcass characteristics, meat quality and gene expression responses of porcine muscle.  
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These differences in carcass traits, meat quality and gene expression under P deficiency 
suggested a difference in the mechanisms of homeorhetic control of P utilization between 
these genetic lines.  This work will have great implications in animal breeding.  The sire lines 
utilized in this study likely produce over 25% of the pigs in the United States annually.  With 
increasing governmental and public concerns over the environmental impact of P in the 
excreta from animal agriculture, more accurately defining P requirements to reduce excess P 
excretion is of great importance.  Identifying genotype-specific dietary P requirements could 
lead to strategies to increase the efficiency of growth with better carcass and meat quality in 
domestic pigs while doing so in a more environmentally friendly manner. 
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Table 1. Composition of diets, as-fed basis 
 Diet 1 Diet 2 Diet 3 Diet 4 
 P + P - P + P - P + P - P + P - 
Crude protein, % 00.2 20.5 17.3 17.5 15.4 15.7 14.3 15.7 
Energy2, kcal/kg 1399 1377 1441 1429 1417 1430 1434 1432 
Calcium total, % 0.99 0.94 0.66 0.64 0.64 0.58 0.58 0.54 
Phosphorus total, % 0.62 0.54 0.51 0.46 0.46 0.42 0.44 0.38 
1Diets were analyzed by Eurofins (Des Moines, IA) 
2 Metabolizable energy 
 
 
 
Table 2.  Primer pairs of the genes examined by real time PCR 
Gene Names Primer pairs 
60S Ribosomal protein (RPL35) I:  AACCAGACCCAGAAAGAGAAC 
II: TTCCGCTGCTGCTTCTTG 
Glycogenin glucosyltransferase I: TGGCCTGACTGCTTCAATTCTGGA 
II: TTGCTCAGAAGCAAGGTGCAACAG 
Succinate dehydrogenase iron-
sulfur protein 
I: AGAAGGATGAATCCCAGGAAGGCA 
II: ACACTCGTACAGCCCATCCAGTTT 
Insulin like growth factor binding I: CCCGAGGATGGAGGCAGTTG 
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protein 2 (IGFBP2) II: TGGGTGCTTTTGTCTCCTGTTTTC 
Lactate dehydrogenase (LDH) I: TTCAGCCCGGTTCCGTTACCTAAT 
II: TTCTTCAGGGAGACACCAGCAACA 
Pyruvate dehydrogenase E1 I: AATCGCTATGGGATGGGAACGTCT 
II: AACGGTAAGTCTGCAGCTCCATCA 
Oxytocin receptor (OXTR) I: TCATCGTATGCTGGACGCCATTCT 
II: AAGCGCTGCACAAGTTCATGGAAG 
 
 
 
 
 
 
Table 3.  Effect of dietary phosphorous and genetic background on carcass characteristics1 
 
280 line 
 
337 line 
 
P-value 
 
 
 
Measurements 
 
PA PD 
 
PA 
 
PD 
Treatment  
      (T) 
Sire line 
(S) 
T × S 
10th-rib back fat, cm 0.69 0.73 0.70 0.75 0.12 0.59 0.88 
Loin muscle area, cm2 5.50a* 5.21b* 5.88* 5.70* 0.06 0.0007 0.63 
Live weight, kg 214.40 213.91 214.86x 213.03y 0.03 0.70 0.22 
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Hot carcass weight, kg 154.73* 152.64 158.36x* 154.79y 0.02 0.02 0.53 
Carcass fat-free lean, % 53.15 52.03 53.65 52.61 0.04 0.31 0.93 
Dressing percentage, % 72.16 71.36 73.70 72.66 0.21 0.07 0.64 
24 h-pH 5.36 5.37 5.38 5.37 0.96 0.61 0.37 
1Values are means and standard errors of 12 individually housed pigs.  Numbers within a sire 
line not sharing a common superscript are significantly different (P < 0.05).  An asterisk indicates a 
significant difference between sire lines (P < 0.05). 
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Table 4.  Effect of dietary phosphorous and genetic background on meat quality1 
 
280 line 
 
337 line 
 
P-value 
 
 
 
Measurements 
 
PA PD 
 
PA PD 
Treatment 
(T) 
Sire line 
(S) 
T × S 
Marbling 1.89 1.68 1.86 1.63 0.09 0.79 0.94 
Color 2.06 2.13 2.19 2.16 0.87 0.56 0.69 
L* 61.97 61.96 60.92 62.02 0.47 0.51 0.47 
a* 8.73a 8.15b 8.30 8.37 0.25 0.65 0.16 
b* 15.29* 15.01 14.54x* 15.22y 0.40 0.26 0.05 
Firmness 1.58 1.44 1.53 1.55 0.51 0.74 0.40 
Wetness 1.68 1.59 1.55 1.53 0.57 0.31 0.70 
Drip loss 3.66 3.38 3.53 3.40 0.40 0.82 0.75 
1Values are means and standard errors of 12 individually housed pigs.  Numbers within a sire 
line not sharing a common superscript are significantly different (P < 0.05).  An asterisk indicates a 
significant difference between sire lines (P < 0.05). 
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Table 5.  Effect of dietary phosphorous and genetic background on glycolytic potential1 
 
280 line 
 
337 line 
 
P-value 
 
 
 
Measurements 
 
PA 
 
PD 
 
PA 
 
PD 
Treatment  
(T) 
Sire line  
(S) 
T × S 
Lactate unit 
(μmole/g tissue) 
125.26 124.91* 127.07 131.90* 0.41 0.12 0.35 
Total glucose unit 
(μmole/g tissue) 
21.12 20.51 18.01 18.02 0.84 0.07 0.84 
Glycolytic potential 
(μmole/g tissue) 
167.48 165.53 163.23 167.97 0.74 0.83 0.44 
1Values are means and standard errors of 12 individually housed pigs.  Numbers within a sire 
line not sharing a common superscript are significantly different (P < 0.05).  An asterisk indicates a 
significant difference between sire lines (P < 0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
95
Figure legends 
Figure 1a.  Normalized gene expression levels of insulin-like growth factor binding 
protein 2 (IGFBP2) according to dietary treatment effect.  Values presented are means of 48 
individually housed pigs.  Columns sharing a common superscript are different (P < 0.1).   
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Figure 1b.  Normalized gene expression levels of insulin-like growth factor binding 
protein 2 (IGFBP2) according to genetic background effect.  Values presented are means of 
48 individually housed pigs.  Columns not sharing a common superscript are significantly 
different (P < 0.05). 
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Figure 2.  Normalized gene expression levels of glycogen glucosyltransferase.  
Values presented are means of 48 individually housed pigs. Columns not sharing a common 
superscript are different (P < 0.1).  
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Figure 3.  Normalized gene expression levels of succinate dehydrogenase iron-sulfur 
protein.  Values presented are means of 48 individually housed pigs.  Columns not sharing a 
common superscript are significantly different (P < 0.05).  
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Figure 4.  Normalized gene expression levels of lactate dehydrogenase (LDH).  
Values presented are means of 48 individually housed pigs.  Columns not sharing a common 
superscript are different (P < 0.1).   
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Figure 5.  Normalized gene expression levels of oxytocin receptor (OXTR) in 
muscle.  Values presented are means of 48 individually housed pigs.  Columns not sharing a 
common superscript are different (P < 0.1).   
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Figure 6.  Normalized gene expression levels of pyruvate dehydrogenase E1.  Values 
presented are means of 48 individually housed pigs.  Columns within a sire line not sharing a 
common superscript are different (P < 0.1). 
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CHAPTER 4: EFFECTS OF VITAMIN D ON EXPRESSION OF 
MYOGENIC REGULATORY FACTORS IN SATELLITE 
CELLS ISOLATED FROM YOUNG PIGS 
 
Introduction 
 
About 40 years ago, scientists identified muscle satellite stem cells through electron 
microscopy (Katz, 1961; Mauro, 1961).  Satellite cells are termed muscle stem cells since 
they have two general properties of stem cells: they are unspecialized and capable of dividing 
and renewing themselves for long periods.  After division, satellite cell progeny undergo 
terminal differentiation and become incorporated into mature muscle fibers as post-mitotic 
myonuclei.  Therefore, the major function of satellite cells is to repair, revitalize, and mediate 
skeletal muscle tissue in the normal growth of muscle, as well as regeneration of following 
injury or disease.  In addition, it has been noticed that under normal biological conditions, the 
majority of satellite cells are quiescent; they neither differentiate nor undergo cell division 
(Chet and Michael, 2005; Grounds and Yablonka–Reuveni, 1993; Schultz and McCormick, 
1994; Yablonka-Reuveni, 1995).  Upon muscle damage, satellite cells become activated and 
initially proliferate as skeletal myoblasts before undergoing myogenic differentiation 
(McCroskery et al., 2003; Zammit and Beauchamp, 2001).   
Since identified, it is widely believed that satellite cells are unipotent and committed 
cells of adult skeletal muscle.  The unipotent ability of satellite cells to generate a 
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differentiated cell type: skeletal muscle is unequivocal both in vivo (Moss and Leblond, 
1971) and in vitro (Rosenblatt et al., 1995).  But the commitment of quiescent satellite cells 
to the myogenic lineage has been challenged by lots of findings.  First of all, it was reported 
that stem cells from other tissues are capable of contributing to muscle regeneration 
(Yablonka-Reuveni, 1995) and more recently, studies indicated that myogenic cultures can 
be diverted from their myogenic fate when treated with bone-morphogenesis proteins or 
adipogenic-inducing agents (Asakura et al., 2001; Katagiri et al., 1994; Teboul et al., 1995; 
Wada et al., 2002).  In addition, multipotency of satellite cell was recently enforced by 
studies showing that cell within cultures emanating from single myofibers expressed some 
osteogenic and adipogenic markers (Asakura et al., 2001; Csete et al., 2001).  Based on such 
studies, the possibility that satellite cell could be diverted from a myogenic lineage has begun 
to erode the classic convention that satellite cells are unipotent myogenic precursors. 
It has shown that vitamin D appears to regulate development and homeostasis of the 
nervous system and skeletal muscle (Endo and Inoue, 2003; Endo et al., 2003; Nakagawa, 
2006).  Additionally, the effects of vitamin D on differentiation ability of different types of 
cell cultures have been examined in previous studies (Bellows et al., 1994; Lenoir et al., 
1996; Sato and Hiragun, 1988; Shionome et al., 1992).  Vitamin D also exhibits the ability to 
stimulate the adipocyte differentiation in a primary cultures examined in vitro (Bellows et al., 
1994; Lenoir et al., 1996; Sato and Hiragun, 1988; Shionome et al., 1992).   
 In this research, we aimed to investigate the effect of vitamin D on the expression of 
myogenic regulatory factors in satellite stem cell cultures and whether the young satellite 
stem cells have multiple differentiation ability in response to vitamin D treatment.  The 
information gathered from in vitro findings about the porcine satellite cells multiple 
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transition abilities would be really helpful to understand the molecular pathogenesis of 
skeletal growth and development.  
 
Materials and Methods 
 
Isolation and culture of satellite cells 
Primary porcine satellite cells were isolated using a modified procedure of Allen, 
Doumit and Johnson (Allen et al., 1984; Doumit et al., 1993; Johnson and Allen, 1990).  A 
three-week old pig was euthanized by captive bolt followed by exsanguination.  The pig was 
then rinsed with a bleach solution and then submersed in 70% ethanol prior to removal of the 
muscle tissue.  Using sterile tools, two portions of loin muscle were dissected out, placed into 
50 ml prewarmed sterile PBS (140 mM NaCl, 1 mM KH2PO4, 3 mM KCl, 8 mM Na2HPO4, 
pH7.4) and transported to the laboratory on ice.  Connective and adipose tissues were 
trimmed away from the muscle tissue and the muscle tissue was then minced by repeatly 
cutting with scissors.  The minced muscle was placed into sterile PBS and centrifuged at 
1500 × g for 5 min at room temperature.  The pellet was then resuspended in freshly prepared 
protease buffer (1.25 mg/mL protease type XIV from Streptomyces griseus) at a ratio of 
approximately 40 ml buffer/5 g tissue.  Samples were then incubated at 37 °C for 1 h and 
mixed by hand every 10 or 15 min.  Following digestion, the samples were centrifuged at 
1500 × g for 5 min and the supernatant was discarded.  The pellets were then resuspended in 
warm PBS (37 °C) and triturated 5 times with 25 ml pipette and the suspensions were 
centrifuged at 500 × g for 10 min.  The differential centrifugations were repeated two more 
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times and pooled all the supernatants.  The resulting supernatants were filtered through the 
100 μm cell strainer into a new 50 ml tube and centrifuged at 1500 × g for 5 min to pellet 
cells.  The cells were resuspended in 2ml of growth media (GM: DMEM + 10% fetal bovine 
serum + 2% antibiotics + 150 μg/ml gentamicin) and gently triturated 10-15 times with 1 ml 
pipette.  The volume of the cell suspension was then brought up to 10 ml with GM and 
placed onto a sterile uncoated 15 cm plate.  Cell plate was placed in 37 °C incubator for 2 h.  
After incubation, media with satellite cells was pulled off from plate and put into a new 50 
ml tube.  The plate was washed with 10 ml GM then transferred into the same tube.  
Media/satellite cells mixture was centrifuged at 1500 × g for 5 min to pellet cells.  The cell 
pellet was resuspended with 2 ml GM and gently triturated 10-15 times with 1 ml pipette.  
Then added enough GM to the tube and plated cells on a coated 15 cm plate.  Placed plate 
into 37 °C incubator and changed the media every 24 h until the cells reached 60-80% 
confluence.  Cells were then trypsinized, counted, and placed into freezing media at a 
concentration of 500,000 cells/ml.  The cell suspension was frozen at –80 °C overnight in a 
thick walled Styrofoam container, after which cells were stored in liquid nitrogen.   
 
Coating plates 
Plates were coated with poly-L-lysine (0.1 μg/ml in PBS) for 5 min.  The poly-L-
lysine was then discarded and the plates washed twice with sterile water.  Plates were 
allowed to completely air dry, and then were coated with a fibronectin solution (10 μg/ml in 
sterile PBS) for 45 min.  The fibronectin solution was then aspirated and the plates covered 
with sterile PBS or growth media until ready to use.  
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Treatments 
In all culture experiments, growth media consists of Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine serum, 2% antibiotic mix (Sigma-
Aldrich, Madison, WI), and 150 μg/ml gentamicin (Sigma-Aldrich, Madison, WI).  Frozen 
porcine satellite cells were thawed and centrifuged to pellet.  Supernatant was discarded and 
cells were suspended in fresh GM.  Centrifugation was repeated one more time and cells 
were suspended in enough media to plate 15 cm plate dish.  After 5-6 days, cells were 
uncoated from plate by using Trypsin then the number of cells was counted.  About 10×103 
cells/well were seeded into poly-L-lysine and fibronectin coated 24-wells plate and 
maintained in a humidified CO2 incubator containing 95% air and 5% CO2 at 37 °C.  Cells 
were given 24 h attachment period and switched to treatment media.  The GM was removed 
and the cells were rinsed twice with DMEM plus antibiotics prior to treatment media 
administration.  Treatments were the control (GM), 1 × vitamin D (GM + 2×10-9 M 1,25 
(OH)2 vitamin D), and 10 × vitamin D (GM+2×10-8 M 1,25 (OH)2 vitamin D.  Complete 
media changes were made daily.  At 3, 6, and 9 days post treatment, cells were harvested for 
RNA isolation, proliferation assay and immnuohistochemical staining.   
 
Proliferation assay 
Proliferation assay was conducted using CellTiter 96 AQueous One Solution Cell 
Proliferation Assay Kit (Promega) according to the manufacturer’s instructions.  Proliferation 
assay was conducted at day1 with 96-wells plate (500 cells/well) and d 7 and d 14 with 24-
wells plate (10 × 103 cells/well).  
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Immunohistochemical staining  
Desmin staining was conducted using DaKoCytomation Envision System-HRP Kit 
(DaKoCytomation) according to the manufacturer’s instructions.  Oil-red O staining was 
conducted according to the protocol on line (Lillie R.D. 1943).  Briefly, Oil-red O working 
solution was made 6:4 of Oil-red O stock solution (0.5 g Oil-red O was solved) and water.  
Cells were fixed in 10% formalin for 30 min.  Excess formaldehyde was removed by three 
rinses in deionised water followed by rinsing with 65% isopropanol.  Plate was completely 
air-dried and then 500 μl Oil-red O working solution was applied into each well of plate.    
 
RNA isolation and Real-time PCR 
Total RNA was isolated using RNAqueous Small Scale Phenol-Free Total RNA 
Isolation Kit (Ambion) according to the manufacturer’s instructions.  The amount of total 
RNA was quantified by Quant-iT RiboGreen RNA Assay Kit (Invitrogen) as described by 
the manufacturer’s protocol.  All samples’ RNA was diluted to about 20 ng/μl and 10 μl total 
RNA was used in the reverse transcription reaction.  The reverse transcription reaction was 
performed using SuperScript III Reverse Transcriptase (Invitrogen) according to the manual 
of manufacturer.  0.5 μl (500 ng/ μl) oligo (dT)12-18 and 0.5 μl random primer (500 ng/μl) 
were used in a total volume of 20 μl reverse transcription reaction.  The synthesized cDNA 
was then incubated for 20 min at 37 °C with E. coli RNase H (Invitrogen Life Technologies) 
and stored at –80 °C until real-time PCR analysis.  The cDNA was quantified by Quant-iT 
OilGreen ssDNA Assay Kit (Invitrogen) as described protocol and then was diluted to 5 
ng/μl with water for real-time PCR reaction.  All real-time PCR primers were designed using 
“PrimerQquest” software available from Integrated DNA Technologies (Coralville, IA, 
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USA) and nucleotide sequences obtained from GeneBank or the TIGR porcine EST database 
(www.tigr.org).  Primer oligonucleotides for the gene MyoD, Myogenin, insulin-like growth 
factor 1, Peroxisome Proliferator-Activated Receptors γ (PPARγ), lipoprotein lipase (LPL), 
Vitamin D receptor (VdR) are listed in Table 1.  Prior to quantification by real-time PCR, 
optimal primer concentrations for each primer set were determined by primer matrix to verify 
that the primer set produced only one expected product in a linear pattern according to the 
method of Livak and Schmittgen (Livak and Schmittgen, 2001).  PCR reactions were 
performed using 12.5 μl of SYBR Green Supermix (Bio-Rad), 50 - 900 nM of each primer, 
and 25 ng of cDNA in a final volume of 25 μl.  Amplification conditions were 95 °C for 10 
min, 45 cycles of 95 °C for 30 s, and 60 °C for 30 s.  At the completion of the amplification 
protocol, all samples were subjected to a melt curve in order to verify the absence of any 
non-specific products.  Additionally, all amplified products were sequenced to confirm their 
identities. 
 
Statistical analysis 
All experiments were repeated using duplicate culture plates, and at least duplicate 
samples were used for each assay measurement.  Data were analyzed by experiment, and 
treatment main effect was analyzed by analysis of simple t-test.  Data were considered 
statistically different when P-values were less 0.05.  
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Results  
 
Proliferation assay 
 After 1 day of treatment, we observed significant reduction of proliferation with the 
10 × vitamin D treatment (P<0.01) (Table 2).  This effect was not seen with the 1 × vitamin 
D treatment.  In order to examine the long-term effect of vitamin D on satellite cells growth, 
we repeated the proliferation assay after 7 day and 14 day treatment.  According to the data, 
at both day 7 and day 14, vitamin D exhibited significant inhibition on the proliferation of 
satellite cells in a dose-dependent manner (Table 3).  At day 7, the number of cells treated 
with vitamin D was 8.65% (1 × Vd) and 21.47% less (10 × Vd) than control group (P<0.023 
and P<0.000049 respectively).  Similar results were observed at day 14, compared with 
control; Vitamin D treatment group had 12.3% (1 × Vd) and 17.28% (10 × Vd) less cell 
number (P<0.014 and P<0.0012 respectively) 
 
Immunohistochemistical staining 
Desmin staining is a powerful method for evaluating the processes of muscle 
differentiation in experimental situations.  Before the study started, we already tested our 
isolated satellite cells by desmin staining and over 99% of cells stained positive for desmin.  
According to desmin staining result, we noticed that after 7 and 14 days, the majority of 
control cells are still desmin-positive and retain their myogenic property.  However, after 
both 7 and 14 days of vitamin D treatment, compared with control cells, certain amount of 
satellite cells in the treatment group were not sensitive to desmin any more (Figure1).  But no 
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significant staining difference was observed between 1 × Vd and 10 × Vd groups.  The Oil-
red O is a widely used staining method for the neutral lipids (mainly triglycerides).  But our 
satellite cell cultures didn’t exhibit any Oil-red O staining after vitamin D inducement.  
 
Gene expression response to Vitamin D treatment 
In order to examine whether the satellite cells were diverted from their myogenic fate 
and expressed specific adipocy-related marker in response to the vitamin D treatment, real-
time PCR analysis was conducted.  Total RNA was isolated from the satellite cell cultures at 
day 3, day 6 and day 9 and then the gene expression of genes MyoD, Myogenin, Lipoprotein 
lipase (LPL), PPARr, IGF1 and Vitamin D receptor were analyzed by RT-PCR.  
According to the real-time PCR data, the gene expression of MyoD was significantly 
affected by vitamin D addition (Figure 2).  Initially, at day3, no significant expression 
difference of MyoD was observed between control group and Vitamin D treated satellite 
cells.  But at day6, 1 × Vd and 10 × Vd treatment groups show significantly less expression 
of MyoD compared with control group cells (P<0.025 and P<0.0007 respectively) in a dose-
dependent manner (Figure 2).  At day 9, even though 1 × Vd didn’t exhibit MyoD expression 
difference from control group, significantly decreased MyoD expression was observed in 10 
× Vd treatment cells (P<0.002).   
Just like gene MyoD, at day 3, the expression of Myogenin wasn’t affected by 
vitamin D.  But at day 6 and day 9, expression of Myogenin was tremendously decreased in 
those vitamin D treated cells with a dose-effect manner (P<0.05) (Figure 3).  In addition, we 
also noticed that Myogenin expression showed a significant time-effect manner for both 
control and treated cells (P<0.05) (Figure 3).  
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The expression of LPL also exhibited a significant time-dependent effect (P<0.05) 
(Figure 4).  The longer cells were incubated, the higher LPL mRNA level was observed in 
cells.  Moreover, at all three time points (day 3, 6,and 9), gene expression of LPL was 
significantly increased in vitamin D treated satellite cells compared with those control cells 
(P<0.05) in a significant dose-dependent manner (Figure 4).  
IGF1 real-time data indicated that at day 6, there was no expression difference 
between control and vitamin D treatment groups (Figure 5).  But at day 3 and day 9, 1 × Vd 
treatment group, but not 10 × Vd treatment group, showed show significantly higher IGF1 
expression compared with control group (P<0.05) (Figure 5).   
The expression of gene PPARr didn’t exhibit a vitamin D dose-dependent or a time-
dependent effect (Figure 6).  At day 3, 1 × Vd treatment cells showed significantly higher 
expression of PPARr than control cells (P<0.05), but no expression difference was observed 
between 10 × Vd treatment cells and control cells (Figure 6).  At day 9, both 1 × Vd and 10 × 
Vd treatment groups showed significantly higher PPARr expression level compared with 
control cells (P<0.05), but no PPARr expression difference was noted at day 6. 
For the expression of vitamin D receptor, it wasn’t affected by the vitamin D 
treatment at day 3 (Figure 7).  At day 6, vitamin D significantly decreased the expression of 
vitamin D receptor at both 1 × and 10 × Vd treatment group cells (P<0.05) (Figure 7).   
However, after anther 3 days under treatment, even though the 1 × Vd treatment cells still 
expressed significantly less Vitamin D receptor than control group, cells received 10 × Vd 
started to recover and had similar mRNA concentration of vitamin D receptor as control 
cells. 
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Discussion 
 
Skeletal muscle is a highly adaptable tissue.  It responds to environmental and 
physiological challenges by changes in size, fibre type and metabolism.  All of these 
responses are underpinned by the genes, however the molecular mechanism and genetic 
variation accounting for responses haven’t been clearly elucidated yet.  Recently, it has been 
demonstrated that satellite cells can be diverted from their myogenic fate into alternative 
differentiation pathways (Asakura et al., 2001; Katagiri et al., 1994; Teboul et al., 1995).  It 
has been reported the potential of Thiazolidinediones and fatty acids in transdifferentiation of 
myoblasts to adipoblasts (Teboul et al., 1995).  Similarly, transition of myoblasts into 
osteoblasts upon bone morphogenetic protein-2 treatment (Katagiri et al., 1994) and into 
adipoblasts upon rosiglitazone (Yeow et al., 2001) has also been discovered.  All these 
findings make researchers further assume that satellite cells are like stem cell or stem cells 
themselves and have the ability to become a different cell type if appropriate conditioners are 
supplemented.   
However, despite numerous studies aimed at understanding the molecular mechanism 
during the differentiation of satellite cells and their multipotential capacity, the genetic basis 
by which the proliferation and differentiation of these cells is regulated has not yet been fully 
elucidated.  In this study, we investigated the effect of 1,25 (OH)2 vitamin D on the 
expression of known myogenic regulatory factors in satellite stem cell cultures.     
Many known hormones, like growth factors of the IGF family, are muscle satellite 
cell proliferation-affecting agents (Sheehan and Allen, 1999).  The proliferation assay data 
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allows us to examine the growth of satellite cell cultures under certain situation.  Biologically 
active forms of vitamin D, and related analogues have been reported to have the ability to 
inhibit the proliferation of cells derived from the breast (Bower et al., 1991; James et al., 
1995), prostate (Allewaert et al., 1995; Peehl et al., 1994; Skowronski et al., 1995), bone 
marrow (Allewaert et al., 1995; Liu et al., 1996), colon (Kane et al., 1996; Shabahang et al., 
1993; Shabahang et al., 1994), brain (Naveilhan et al., 1994), and epidermis (Park et al., 
1994; Yu et al., 1995).  Those findings are consistent with our proliferation data.  In our 
study, we found that the presence of vitamin D significantly suppressed satellite cells growth 
in a dose-dependent manner.  The inhibition effect of vitamin D was significant and 
immediate in our cell cultures.  This finding suggested that vitamin D might play an 
important role as a regulator of proliferation of satellite cells in vivo, though the mechanism 
of this action has not been determined.  We believed vitamin D receptor might be involved in 
this inhibition since we observed the gene expression of vitamin D receptor was significantly 
decrease under vitamin D treatment.  Moreover, our assumption was supported by Endo’s 
study that vitamin D appears to regulate proliferation, maturation and function of skeletal 
muscle through the vitamin D receptor actions (Endo and Inoue, 2003; Endo et al., 2003).   
It has been widely believed that the specification and determination of the muscle cell 
lineage is regulated by the myogenic regulatory factors (MRFs), a family of basic helix-loop-
helix (bHLH) transcription factors (Arnold and Braun, 2000; Edmondson and Olson, 1993; 
Ochi and Westerfield, 2007).  MRFs family members include MyoD, Myf5, myogenin, and 
MRF4, characterised by their ability to induce myogenic conversion in a variety of cell types.  
Our real-time PCR data showed that vitamin D induced a significant decrease of MyoD 
expression of satellite stem cells in a dose-dependent manner.  It is partly supported by 
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previous finding that in osteoblasts, the expression level of I-mfa, an inhibitor of the MyoD 
family, was enhanced by vitamin D (Tsuji et al., 2001).  As one of the earliest markers of 
myogenic commitment, MyoD is required for the initial determination of the myogenic 
lineage during myogenesis and gene knockout mice of MyoD and Myf-5 resulted in failure of 
myoblast formation, and a consequent lack of all head and trunk skeletal muscle (Rudnicki et 
al., 1993).  Therefore, our finding suggested that under the treatment of vitamin D, the 
myogenic differentiaiton of satellite cells could be suspressed or the cells became quiecent.  
It has been reported that MyoD is expressed in activated satellite cells, but not in quiescent 
satellite cells (Cornelison and Wold, 1997).   
In addition, our gene expression data showed that vitamin D also significantly 
decreased the expression of myogenin in a dose-dependent manner.  It is in agreement with 
previous work, vitamin D significantly down-regulated myf5 and myogenin expression of 
myoblastic cells in vitro (Endo et al., 2003).  All these findings forced our assumption that 
vitamin D may inhibit the myogentic fate of satellite cells.  Since the expression of myogenin 
is activated during myoblast differentiation (Miner and Wold, 1990; Pownall et al., 2002; 
Wright et al., 1989), and it has cooperative functions with MyoD and Myf-5 as transcription 
factor regulators for the activation of muscle contractile protein genes (Lassar et al., 1991).   
In myogenin-knockout mice, myoblasts form in the correct place but do not fuse into muscle 
fibers (Hasty et al., 1993; Nabeshima et al., 1993; Venuti et al., 1995).   
Vitamin D has been shown to modulate fundamental cellular processes such as 
proliferation, differentiation, and survival of various cell lineages in vitro (Stumpf, 1995; 
Walters, 1992).  In previous work, James has examined the capabilities of vitamin D, to 
induce the differentiation of two established leukaemia cell lines (James et al., 1997).  It has 
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been shown that vitamin D has ability to regulate the proliferation, maturation and function 
of skeletal muscle may via a molecular basis of vitamin D receptor action (Endo and Inoue, 
2003; Endo et al., 2003).  In this current study, we observed that vitamin D treated satellite 
cells had significantly lower expression of vitamin D receptor, which was supported by the 
previous study that down regulated the expression of myogenic regulatory factors in mice 
with vitamin D receptor gene deleted (Endo et al., 2003).  These results suggested that 
vitamin D receptor plays a physiological role in skeletal muscle development, participating in 
temporally strict down-regulation of myoregulatory transcription factors induced by vitamin 
D.   
Vitamin D may suppress the myogenic differentiation fate of satellite stem cells and 
either allow or force them into an alternate differentiation pathway, such as adipogenesis.  
This is supported by their increase in the expression of markers of adipogenic differentiation, 
such as lipoprotein lipase and PPARγ.  There is much evidence that adipose cells or stems 
cell which had adipogenic differentiation potential have increased expression of lipoprotein 
lipase and PPARγ (Hu et al., 1995; Singh et al., 2006; Teboul et al., 1995).  PPARγ is a well-
known gene marker of adipocy cells and expressed very early in the process of adipogenic 
differentiation (Hu et al., 1995; Singh et al., 2006; Teboul et al., 1995).  In our study, vitamin 
D significantly increased the level of PPARγ mRNA at day 9 and indicated the potential 
adipogenic differentiation of satellite cells.  This was supported that at day 9, the myogenic 
regulatory factors (MyoD and myogenin) expression were tremendously decreased in 
response to vitamin D.  It has reported that during adipose differentiation of satellite cells, 
PPARγ was predominant and observed with immuhistochemistry, western blot and real time 
PCR (Shefer et al., 2004; Singh et al., 2006; Wada et al., 2002).  However, we didn’t observe 
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PPARγ increase at day 6, even though there was significant expression increase of MyoD 
and myogenin.  The explanation for this could be at day 6, although the myogenic 
differentiation of satellite cells was suppressed, they haven’t been converted into adipogenic 
pathway.  
Lipoprotein lipase (LPL) is an enzyme, mainly synthesized by adipose tissue and 
muscle, which plays a central role in the metabolism of triglyceride-rich plasma lipoproteins 
(Eckel, 1989).  The synthesis, maturation, and secretion of LPL are regulated in response to 
nutritional and hormonal variations (Cryer, 1987; Enerback and Gimble, 1993).  LPL is of 
particular interest in tissues of meat-producing animals, since it controls the partitioning of 
fatty acids between adipose tissue and muscle (Hocquette et al., 1998).  In this study, we 
observed significant expression increase of LPL at day 6 and 9 in vitamin D treated cells.  
This result supported our assumption that in the presence of vitamin D, satellite stem cells 
may have the potency to differentiate into adipocyte cells.  Just like PPARγ, LPL is an early 
gene marker of adipocyte differentiation (Couturier et al., 1998; Dani et al., 1990; Ding et al., 
1999; McNeel et al., 2000).  Previous works has shown that LPL can generate PPARα and 
PPARδ ligands (Chawla et al., 2003; Ziouzenkova et al., 2003).  Moreover, It was reported 
that regulation of macrophage LPL gene expression by fatty acids might involve 
transcriptional factors such as PPARs (Auwerx et al., 1996).  Additionally, researchers have 
already proved that these activators of PPARs, including PPARγ and PPARα, directly 
regulate LPL gene expression in a PPAR-specific manner (Gbaguidi et al., 2002; Xu et al., 
1999).  Taken together, the increased expression of PPARγ and LPL indicated the satellite 
cells were likely differentiating into adipocytes.  
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We noticed that in the control group, absence of vitamin D, desmin-positive cells 
were predominant immunohistochemically.  Desmin is a muscle-specific cytoskeletal protein 
found in smooth, cardiac, and heart muscles.  The presence of desmin was characterized in 
cultured rat, bovine and porcine satellite cells and its potential usefulness as a marker for 
identifying satellite cells in vitro was evaluated (Allen et al., 1991).  Previously, researchers 
have used desmin immunostaining method to study the development and regeneration of 
satellite cells (Barash et al., 2002; Helliwell et al., 1989; Saetersdal et al., 1989).  A 
decreasing number of satellite cells were myosin-positive, indicative of post-mitotic 
differentiated myocytes under vitamin D treatment.  The reasons that some satellite cells lost 
the desmin immnunostaining probably because they are differentiating into non myogenic 
cells and changing their path way.   
However, we didn’t observe any Oil-red O staining indicated the vitamin D treated 
cells haven’t fully converted adipocyte cells and maybe they are quiescent.  Therefore, 
determination of certain other adipogenic markers during the transdifferentiation programme 
through proteomic approach would aid in absolute confirmation of this study.    
In summary, our findings suggested that vitamin D was able to withdraw porcine 
satellite cells from myogenic lineage, down-regulate the myogenic regulatory factors’ 
expression and promote the expression of typical adipose differentiation markers.  Our study 
demonstrates for the first time that vitamin D significantly affected the proliferation and 
differentiation of satellite cells isolated from young porcine tissue.  These observations 
suggest that satellite cells could be useful targets for improving meat quality and the 
efficiency of muscle growth in porcine breeding. 
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Table 1. Primer pairs of the genes validated by real time PCR 
Primer sequence1 Gene Names 
I: Forward primer II: Reverse primer 
MyoD I: GCGTGCAAACGCAAGACCACTAA 
II: AGTCTCGAAGGCCTCGTTGACTTT 
Myogenin I: TGACCC TAC AGA TGC CCA CAA 
TCT 
II: GTTGGGCATGGTTTCATCTGGGAA 
Lipoprotein lipase (LPL) I: ACCGTTGCAACAACTTGGGCTATG 
II: ACTTTGTAGGGCATCTGAGCACGA 
Peroxisome Proliferator-Activated 
Receptor Resource γ (PPARγ) 
I: AATTAGATGACAGCGACCTGGCGA 
II: TGTCTTGAATGTCCTCGATGGGCT 
Insulin growth factor I (IGF1) I: TTCGCATCTCTTCTACTTGGCCCT 
II: CGTACCCTGTGGGCTTGTTGAAAT 
Vitamin D receptor (VDR) 
 
I: TTGCCAAACACCTCAAGCACAAGG 
II: TGCTCTACGCCAAGATGATCCAGA 
1 All primers listed in the 5’ to 3’ direction. 
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Table 2. Proliferation assay of satellite stem cells treated with Vitamin D (Seeding density 
500cells/well) 
Satellite stem cell cultures 
(500 cells/well) 
OD (490nm) P-value 
Control – 1d 0.303  
1× Vitamin D – 1d 0.303 0.83 
10× Vitamin D – 1d 0.292 < 0.01 
 
 
 
 
 
 
Table 3. Proliferation assay of satellite stem cells treated with Vitamin D (Seeding density 
10 ×103 cells/well) 
Satellite stem cell cultures 
(10 ×103 cells/well) 
OD (490nm) P-value 
Control – 7d 3.12  
1× Vitamin D – 7d 2.85 0.024 
10× Vitamin D – 7d 2.46 < 0.01 
Control – 14d 6.25  
1× Vitamin D – 14d 5.48 0.014 
10× Vitamin D – 14d 5.17 0.001 
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Figure legends 
Figure 1 Desmin staining of satellite stem cells at day 9: a) control cells b) 1×Vd satellite 
treatment cells c) 10×Vd satellite treatment cells 
 
 
a.  
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Figure 2.  Normalized gene expression levels of MyoD.  Values presented are means of 4 
individually wells of satellite cell culture.  Columns within a day not sharing a common 
superscript are significantly different (P < 0.05).   
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Figure 3.  Normalized gene expression levels of myogenin.  Values presented are means of 4 
individually wells of satellite cell culture.  Columns within a day not sharing a common 
superscript are significantly different (P < 0.05).   
 
 
 
 
 
 
 
 
0
50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
Day-3  Day-6  Day-9
Treatment days
N
or
m
al
iz
ed
 G
en
e 
Ex
pr
es
si
on
Control 1V 10V
a a a
d
 e
e
 g
g
 h
 
 
 
134
Figure 4.  Normalized gene expression levels of lipoprotein lipase (LPL).  Values presented 
are means of 4 individually wells of satellite cell culture.  Columns within a day not sharing a 
common superscript are significantly different (P < 0.05).   
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Figure 5.  Normalized gene expression levels of IGF1.  Values presented are means of 4 
individually wells of satellite cell culture.  Columns within a day not sharing a common 
superscript are significantly different (P < 0.05).   
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Figure 6.  Normalized gene expression levels of PPARr.  Values presented are means of 4 
individually wells of satellite cell culture.  Columns within a day not sharing a common 
superscript are significantly different (P < 0.05).   
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Figure 7.  Normalized gene expression levels of vitamin D receptor.  Values presented are 
means of 4 individually wells of satellite cell culture.  Columns within a day not sharing a 
common superscript are significantly different (P < 0.05).   
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CHAPTER 5: GENERAL CONCLUSIONS 
 
In my PhD study, I have examined effect of dietary phosphorus and its interaction 
with genetic background on global gene expression in porcine muscle.  My work also 
demonstrated that carcass characteristics, meat quality and gene expression in muscle are 
affected by dietary phosphorus and genetic background in pigs.  In addition, I also examined 
effects of vitamin D on expression of myogenic regulatory factors in young porcine muscle 
satellite cells.   
First of all, just as proved in previous works, dietary P is a necessary nutrient for the 
growth and performance of pigs and lack of P in diets will significantly affect animal growth.  
The pigs fed a P deficient diet exhibited growth depression, even this depression only was 
observed in meat quality sired pigs but not in growth performance pigs.  Meat quality 
deficient pigs showed significantly lower weight gain and Gain/feed intake ratio compared 
with meat quality-adequate pigs. 
Second, it has been demonstrated that gene express of porcine muscle was 
significantly affected by the dietary P treatment, genetic background and their interaction.  
According to our real-time PCR data, these two genetic backgrounds have significantly 
different molecular responses to dietary P metabolism and utilization in the pigs.  339 genes 
were identified in microarray study which expressions were affected by the genetic 
background.  In muscle tissue, 13 genes that have been differentially expressed based on 
dietary P treatment, and 20 genes whose expression was significantly affected by the 
interaction of sire (genetic) line and dietary P treatment.  Moreover, significantly different 
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gene expression response to genetic background and dietary P treatment were also observed 
in our adult animals.  All these data suggest that different genetic background has different 
homeorhetic control of dietary P metabolism in pigs. 
Third, dietary P treatment significantly affected carcass characteristics regardless 
their genetic background, which was in agreement with previous study findings.  Among 
those characteristics, live weight, hot carcass weight and carcass fat-free lean percentage 
were more significantly affected by dietary P concentrations compared with 10th-rib back fat 
and loin muscle area.  Genetic background significantly affected some carcass characteristics 
regardless of the dietary treatment.  Because these two genetic backgrounds utilized in this 
study were originally selected for traits such as average daily gain, feed conversion 
efficiency, meat quality, and survivability, it is not surprised to observe genetic background 
effect.  According to the data, loin muscle area, hot carcass weight and dressing percent were 
affected by the genetic background of the pigs.  However, meat quality was not significantly 
affected by either dietary P treatment or genetic background.   
Fourth, my findings suggested that vitamin D was able to withdraw porcine satellite 
cells from myogenic lineage, down-regulate the myogenic regulatory factors’ expression and 
promote the expression of typical adipose differentiation markers.  Our study demonstrates 
for the first time that vitamin D significantly affected the proliferation and differentiation of 
satellite cells isolated from young porcine tissue.   
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